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1.1 The anomalous properties of water
Water is a unique liquid, not only because of its vital importance for life on planet earth but
also because it has many exceptional properties.1,2 In spite of its small mass and molecular
volume, water has a relatively high melting and boiling point resulting from a high cohesive
energy density due to its 3-dimensional hydrogen bond network. Moreover, water has an
extremely low isothermal compressibility and is a poor solvent for apolar compounds. The
latter property of water has led to the term “hydrophobicity”, although this description
might seem somewhat deceptive since London dispersion interactions between water and
apolar solutes are favorable and quite marked.3 Hydrophobic effects play an important role
in many (bio)chemical processes in aqueous solution like protein folding, molecular
recognition processes, aggregation of amphiphilic molecules and surface forces.2 In studies
on hydrophobic effects, two phenomena are usually distinguished: hydrophobic hydration
and hydrophobic interactions.2
1.1.1 Hydrophobic hydration
The term hydrophobic hydration refers to the interactions of apolar solutes and water, i.e.,
how an apolar solute affects the water structure in its immediate environment.2 Introduction
of an apolar solute into aqueous solution is characterized by an unfavorable change in
standard Gibbs energy at room temperature.4,5,6 However, the standard enthalpy of the
solution process is usually small and favorable whereas the entropy change is large and
negative.2,4,5,6 At higher temperatures, the magnitude of the standard enthalpy of solution
becomes smaller and it even becomes positive at elevated temperatures. This results from
the disruption of the hydrogen bond network of water at higher temperatures. Moreover,
water loses its favorable interactions with the apolar solute. The large positive standard heat
capacity of solution is characteristic for hydrophobic hydration.7 The standard entropy of
solution becomes less unfavorable at higher temperatures. The standard enthalpy and
entropy of solution largely compensate each other resulting in a standard Gibbs energy of
dissolution that is only little temperature dependent.8
Previously, the entropy penalty upon solution of apolar compounds in water was
explained by Frank and Evans9 in 1945 using the so-called iceberg model. Water in the
hydrophobic hydration shell was stated to undergo structural enhancement (either stronger
or more hydrogen bonds per volume unit) in comparison to that in the bulk, which would
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account for the entropy loss and favorable enthalpy change upon solution. The enthalpy
gain was accounted for by increased water-water hydrogen bonding.
Since 1945, many publications have discussed hydrophobic effects. Opinions have
continually changed.2 The current view is that water in hydrophobic hydration shells is not
significantly more structured than that in the bulk.2,6,10,11,12 However, recent studies indicate
a strengthening of hydrogen bonds in the hydration shell of apolar solutes at room
temperature whereas the reverse is observed at higher temperatures.13 It is nevertheless
widely accepted that water largely retains its original structure by accommodating the
nonpolar solute in its hydrogen bonding network thereby maintaining as many hydrogen
bonds as possible.2,14 Evidence for these ideas stems from both computational12,14,15,16 studies
and experimental investigations like NMR,17 neutron diffraction,11 and X-ray scattering.18
Various studies show that one of the water O-H bonds preferentially lies parallel to the
nonpolar surface of the solute whereas the other bond points into bulk water.11,15 The
favorable London dispersion interactions between water and solute molecules account for
the enthalpy gain upon solution. The loss of translational and rotational degrees of freedom
of the water molecules in the hydrophobic hydration shell17 is primarily responsible for the
loss of entropy upon dissolving apolar compounds in water.
Indeed, insertion of a nonpolar particle in aqueous solution can be treated as two
processes: formation of a cavity in the aqueous solution and onset of interactions of a solute
with solvent molecules.2 Creation of the cavity restricts the motions of solvent molecules in
the hydration shell of a nonpolar solute. This restriction leads to loss of entropy, which is
exceptionally large in aqueous solution due to the small size of water molecules.19,20 Many
studies have shown that solute size is the determining factor contributing to unfavorable
entropy (and consequently Gibbs energy) of the solution process.21 Onset of solute-solvent
interactions is less important in determining the magnitude of the Gibbs energy of solution.
Graziano studied the effect of solute size on the thermodynamic parameters of the solution
of apolar solutes in aqueous solution.22 According to this study, the work of cavity creation
dominates the unfavorable Gibbs energy of solution of apolar compounds in aqueous
solution. However, a distinction is made between a series of noble gases and aliphatic
hydrocarbons. Solute-solvent interactions increase more rapidly than the work of cavity
creation upon increasing the hard-sphere diameter of noble gases. Favorable solute-water
interactions are attributed to the increase in polarizability of noble gases upon increasing
their size. The polarizability effect for aliphatic hydrocarbons is less important and the
decrease in solubility is caused by the dominating effect of cavity creation.
1.1.2 Hydrophobic interactions
The term “hydrophobic interactions” refers to the tendency of apolar molecules to stick
together in aqueous solution.2 These interactions play an important role in many
biochemical processes like protein folding and the formation of lipid membranes.
Kauzmann introduced the concept of hydrophobic interactions in 1959.23 He explained the
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entropy gain upon interaction of apolar compounds by the release of structured water
molecules by destructive overlap of hydrophobic hydration shells.
Hydrophobic interactions have been classified into pairwise and bulk interactions.
Pairwise hydrophobic interactions are 1:1 interactions between individually hydrated
nonpolar particles in aqueous solution where the solute concentration is below the so-called
critical aggregation concentration. At these concentrations aggregation of solutes is
hampered by the surrounding hydration shell; actually, “apolar solutes are screened when
compared to the gas phase”.2 In aqueous solution, pairwise hydrophobic interactions occur
via “hydrophobic encounters” indicating that the molecules only associate transiently.
Equilibrium constants for the formation of these very short-lived encounter complexes are
usually smaller than unity. Nevertheless, formation of encounter complexes can account for
the rate retardation effects excerted by inert cosolutes on the hydrolysis of activated esters
and amides.24 An MD simulation on the association of methane molecules in water showed
that aggregation of two solute molecules is favored by entropy whereas the Gibbs energy of
aggregation is slightly positive.25
Premicellar aggregation occurs at concentrations far below the critical aggregation
concentration of the individual solutes.26 Bulky hydrophobic quaternary ammonium halides
have a strong tendency to form premicellar aggregates. These salts increase the rate of a
number of chemical reactions in aqueous solution in a very efficient way.27 Usually, the rate
enhancement is larger than in the presence of micelles. Ion-pairs are formed when both
components have opposite charges. The driving force for the formation of ion-pairs is both
hydrophobic and electrostatic in origin.26 Although premicellar aggregates are formed at
low solute concentrations in aqueous solution, the aggregation process is considered as an
example of a bulk aggregation process.
Binding of substrate molecules in binding pockets of enzymes is a 1:1 interaction
process.28 However, unlike encounter complexes, enzyme-substrate complexes exist for a
longer time. Moreover, (partial) dehydration of substituents in an active site and of
substrates occurs upon binding. Molecular recognition processes in biochemistry as well as
in supramolecular processes strongly rely on hydrophobic interactions, although
electrostatic interactions are also important.29 Stabilization of host-guest complexes can also
be increased by π-π stacking30 and hydrogen bonding interactions.29 Thermodynamic
parameters of binding processes have been determined. A large and positive heat capacity
upon complexation indicates the importance of hydrophobic interactions.31
Bulk hydrophobic interactions also play a decisive role in the formation of surfactant
aggregates like micelles or vesicles that occurs above the critical aggregation concentration
or solubility limit. Characteristic for the formation of these types of aggregates is the highly
cooperative nature of the association process. Traditionally, aggregation of apolar
compounds in aqueous solution above a certain critical concentration was explained by
overlap of hydration shells. At a certain solute concentration, insufficient water molecules
are available to form independent hydration shells and consequently water molecules have
to be part of two hydration shells simultaneously, which is highly unfavorable. Upon
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aggregation, part of the water molecules surrounding the individual solutes is released. This
accounts for the entropy gain upon aggregation.
According to this theory of hydrophobic interactions, hydration shells of apolar
solutes have to be quite extensive. However, on the basis of neutron scattering studies it was
shown that hydration shells are relatively small. For example, the hydration shell of a
methane molecule in aqueous solution contains ca. 19 water molecules.32 Therefore, it has
been argued that bulk hydrophobic interactions can be viewed as a special type of phase
separation.33,34 However, a final phase separated state is never reached in the case of
surfactant aggregation. The process rather stops at an intermediate stage (e.g. micelles)
because of favorable interactions between water molecules and surfactant head groups that
prevent the formation of large structures, which would eventually lead to “real” phase
separation. Phase separation occurs above the solubility limit of apolar solutes and only
takes place when the mixing entropy of the solute is not sufficient to compensate for the loss
of entropy of water molecules entering the hydration shells of apolar solute molecules.
1.1.3 Increasing the stabilization of hydrophobic aggregates
Protein folding is probably one of the most intriguing processes in nature in which
hydrophobic interactions play a dominant role.35,36 In addition, hydrogen bonding
interactions between peptide groups, electrostatic interactions between charged amino acid
residues, and London dispersion interactions contribute to the stability of the native protein
structure. The main destabilizing factor in protein folding is conformational entropy, which
is considerably reduced upon going from the unfolded to the folded state.35 Participation of
hydrogen bonding interactions in protein folding is beyond doubt, but their magnitude is
difficult to assess. Similarly, electrostatic interactions evidently play a role although their
importance is debated. Several authors emphasize the role of electrostatic interactions in
protein structure and functions37 whereas others are less convinced of their importance.35
Ion-pairing has been shown to contribute to the Gibbs energy of proteins in their native
state, which is, typically, only 20-50 kJ mol-1 less than their unfolded state.36 Recently, it was
suggested that ionic interactions have a stabilizing effect on the folded state. Nevertheless,
these interactions also increase the stability of the unfolded state and therefore the net
stability increase of the native state of the protein is relatively small. 38
A combination of electrostatic and hydrophobic interactions is important in many
other processes in (bio)chemistry. For example, aggregates consisting of oppositely charged
surfactants in aqueous solution are formed at much lower concentrations than aggregates
formed either from the individual components or from the components lacking the ionic
charges.39 Moreover, the morphology of aggregates differs from that of the separate
surfactants. The properties of mixtures of cationic and anionic surfactants are discussed in
more detail in sections 1.2.5 and 6.1.
Another example of the stabilization of two-component aggregates by hydrophobic
and electrostatic interactions emerges in the hydrolysis of a cationic long-chain ester and
amide by sodium hexadecanoate at low concentrations.40 Ion-pairs are well known to be
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formed at concentrations far below the critical aggregation concentration of both
components and the aggregates are only small. The driving force for this type of aggregation
is similar to that of micellization.26
Aggregation of ionic surfactants and dyes also occurs at very low concentrations. The
presence of a chromophore in the dye allows the aggregation process to be followed by
spectroscopic methods.41,42,43,44 Interestingly, interactions are only observed when the
charges of surfactant and dye are opposite.
These examples indicate that electrostatic interactions are an important additional
factor that contribute to the stabilization of aggregates formed by hydrophobic solutes.
1.1.4 Introducing polar functionalities
Bio(chemical) molecules contain both apolar and polar functionalities. Much simpler
compounds like surfactants, alcohols, or amines also consist of multiple functionalities.
Introduction of polar functionalities leads to the interference of hydrophobic and
hydrophilic hydration shells. A polar group reduces the overall hydrophobicity of an apolar
solute by an amount equivalent to several methylene groups: the hydration shells of polar
groups overlap with those of methylene groups. Alternatively, introduction of polar
functionalities increases the solubility of apolar solutes since it reduces the necessity to form
a complete hydrophobic hydration shell. Modification of the hydrophobic hydration shell by
the hydration shell of hydrophilic groups in close proximity has been assessed in detail by
studying kinetic solvent effects of added solutes on the hydrolysis of activated amides and
esters in aqueous solution. Examples of added solutes are alcohols,45 alkylated ammonium
bromides,46 alkyl sulphates,47 α-amino acids and derivatives,48 and N-alkylpyrrolidinones.49
Generally, hydration of the polar group extends to the third carbon atom in the apolar alkyl
tail of solute molecules. A molecular dynamic study of the hydration of methylammonium
and acetate ions in aqueous solution confirmed an increase in polar character of the
methylene moieties attached to ionic groups with respect to e.g. methane.50 Moreover, water
molecules in apolar hydration shells were not found to be more structured compared to
those in the bulk. A study on the dynamics of water molecules in the hydration shell of
halogen anions showed that the formation and disruption of hydrogen bonds of water
molecules in the solvation shell is slower than that of bulk water.51
The presence of hydrophilic functionalities does not prevent the apolar groups from
interactions with other apolar moieties. Moreover, interactions of apolar solutes in aqueous
solution are strongly favored by electrostatic interactions between oppositely-charged ionic
substituents on both components. Some examples were presented in section 1.1.3.
1.2 Aggregation behavior of surfactants
Morphologies of aggregates formed by surfactants in aqueous solution are micelles, vesicles,
bicontinuous, or inverted structures;52 Figure 1.1.
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Aggregate morphology is mainly determined by a delicate balance between
attractive hydrophobic interactions of surfactant alkyl tails and electrostatic repulsions of
surfactant head groups.53 In addition to repulsive interactions of electrostatic origin,
repulsions due to hydration of the head groups must be taken into account. An opposing
effect is exerted by the interfacial tension that tends to decrease the effective head group
area. The molecular architecture of a given surfactant determines the type of aggregate into
which a surfactant associates in aqueous solution. The relationship between the shape of the
surfactant monomer and the aggregate morphology can be represented by the packing
parameter approach.54 The packing parameter (P) is calculated from equation (1). In this
equation, V is the volume of the hydrocarbon part of the surfactant, l its chain length of the








Figure 1.1 Typical aggregate morphologies into which surfactants self-assemble in aqueous solution






Surfactants where 0<P<1/3 form micelles in aqueous solution. If 1/3<P<1/2
wormlike micelles are formed whereas surfactants with 1/2<P<1 form vesicles. Inverted
structures are formed when P>1. Table 1.1 shows the relationship of the architecture of
surfactant monomer and aggregate morphology.
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Several authors have criticized this packing parameter approach for predicting the
aggregate morphology.55,56 For example, sodium dodecylbenzene sulfonate forms micelles in
aqueous solution whereas bilayer structures are formed when alkali metal chlorides are
added.56
Alternatively, it was argued that binding of surfactant monomers to an aggregate
and repulsions between surfactant molecules determines aggregate shape.55
Table 1.1 Relationship between the shape of surfactant monomers and preferred aggregate
morphology.54
Effective shape of the surfactant
molecule
Packing parameter Aggregate morphology










Generally, unbranched single-tailed surfactants possess a conical shape and aggregate to
form spherical micelles in aqueous solution above their critical micelle concentration (cmc).57
The interior of micelles consisting for the most part of methylene groups of alkyl tails of the
surfactants is alkane-like and it contains almost no water. Only the first two methylene
groups of the surfactant (counted from the head group) have considerable contact with
water in the aqueous solution. The lifetime of a spherical micelle is of the order of
milliseconds and the residence time of a monomer in a micelle is of the order of
microseconds.58 Monomer exchange is diffusion controlled. Spherical micelles usually




Wormlike micelles are formed by surfactants whose monomer shape resembles a truncated
cone. Both theoretical and experimental studies show that wormlike micelles are long
(several tens of micrometers) and flexible and that they undergo transformations on
relatively short timescales.60,61,62,63 The presence of wormlike micelles in aqueous solution is
often reflected by an increase in relative viscosity.57 Viscoelastic solutions are formed upon
increasing the surfactant concentration; viscoelasticity indicates that an entangled network
of wormlike micelles has been formed. Formation of wormlike micelles can often be induced
by addition of strongly binding counter ions to ionic surfactants in aqueous solution.
1.2.3 Vesicles
In general, surfactant molecules possessing one head group and two alkyl tails form vesicles
in aqueous solution. Actually, upon dissolving double-tailed surfactants in aqueous
solution, bilayer fragments are formed that can be closed by the input of mechanical
energy.64 The aggregation and phase behavior of sodium didodecylphosphate (NaDDP) in
aqueous solution has been studied in detail.65 Lamellar phases are formed upon dissolving
NaDDP in aqueous solution which transform into myelin figures upon heating the solution
above the Krafft temperature. Vesicles are only formed from myelin tubules by stirring.
Vesicles range in diameter from 20 nm to several micrometers and can be either
unilamellar or multilamellar. Vesicles formed from pure surfactants are metastable and
eventually revert to the flat bilayer state and ultimately precipitate as crystalline materials.
The architecture of a given surfactant monomer is important in determining the
morphology of the aggregate into which surfactants self-assemble. Moreover, either addition
of certain compounds or changing the solution conditions (e.g. temperature or surfactant
concentration) can have a large influence on the aggregate morphology. This subject is
discussed in sections 1.2.4 – 1.2.7.
1.2.4 Changing the counter ion
Counter ions have a large influence on the morphology that surfactant aggregates adopt in
aqueous solution.66 Changing the counter ion of ionic surfactants for a more strongly bound
one leads to a decrease of the effective head group area. Especially aromatic counter ions
like tosylate, benzoate, or salicylate are effective in inducing micellar growth.66,67,68,69,70,71 In
addition to a decrease of a0 (cf. equation 1), penetration of the aromatic ring of a counter ion
between the surfactant molecules leads to an increase in the volume of the surfactant
monomer. A combination of both effects results in an increase in P and consequently the
surfactants self-assemble into a less curved aggregate. This case corresponds to a change
from spherical to wormlike micelles. Upon growing, wormlike micelles may form a three-
dimensional network that shows viscoelasticity. The orientation of substituents on the
aromatic ring appears to be extremely important for inducing viscoelasticity. For example,
hexyltrimethylammonium o-hydroxybenzoate surfactants form a viscoelastic solution
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whereas this solution is not formed when the OH substituent is either in the meta or para
position.70,72 Molecular motions of threadlike micelles are fast and the aggregates are
dynamic.73
1.2.5 Addition of oppositely charged surfactants
Aqueous solutions of cationic and anionic surfactants (catanionic surfactants) may have
properties that differ considerably from aqueous solutions of the individual surfactants.39
For example, aggregate morphologies are usually vesicular at low surfactant concentrations
whereas individual surfactants form spherical micelles at low concentration. The effective
head group area decreases due to electrostatic interactions between the ionic head groups
and due to release of hydration water. The volume of the alkyl tails stays the same. The
result is a cylindrical shape for the catanionic surfactant which will consequently self-
assemble to form vesicular structures in aqueous solution. A more detailed discussion on
catanionic surfactants is given in Chapter 6.
1.2.6 Changing the temperature
Temperature changes can have dramatic effects on the morphology of aggregates formed
from nonionic surfactants. The main reason for these changes is the dependence of
hydration of nonionic head groups on the temperature. Mixtures of nonionic oligo(ethylene
oxide) dodecyl ether (C12EOn) surfactants and phosphatidyl cholines like
dioleylphosphatidylcholine (DPPC) undergo a reversible micelle-to-vesicle transition upon
changing the temperature.74,75,76,77,78 The hydration layer of the oxyethylene groups is
reduced upon increasing the temperature leading to an decrease of the effective head group
area of C12EOn. Moreover, the hydrocarbon chains of DPPC are in more compact cylindrical
shape below the gel-to-liquid crystalline phase transition temperatures than above. A
combination of both effects leads to a change in the shape of the C12EOn/DPPC surfactant
combination from a cone to a cylinder upon increasing the temperature. Similar
observations have been made with respect to aqueous mixtures of (nonionic) sugar based
surfactants and phosphatidylcholine lipids.79 In contrast, micelle-to-vesicle transitions in
aqueous mixtures of phosphatidylcholine and octyl glucoside occur upon decreasing the
temperature.80 Most likely, this results from the temperature dependence of the cmc of octyl
glucoside that decreases from 31 mM at 5oC to 16 mM at 40oC. In other words, the
membrane solubilizing power of octyl glucoside decreases upon decreasing the
temperature.
Although hydration of ionic head groups is less sensitive to temperature changes
than head group hydration of nonionics, a0 (equation 1) of charged head groups slightly
increases upon increasing the temperature.81
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1.2.7 Changing the surfactant concentration
An increase of surfactant concentration in an aqueous solution containing spherical micelles
leads to the formation of more micelles.82 The result is a decrease in the average distance
between micelles and an increase in intermolecular repulsions. In order to accommodate the
surfactants, spherical micelles may transform into wormlike micelles, which increases the
distance between aggregates. The system thus rearranges into aggregates of higher order.
Upon further increasing the surfactant concentration, lyotropic liquid crystals can be
formed. Two commonly observed liquid crystalline phases are the normal hexagonal phase
formed by infinite cylindrical aggregates packed in a two-dimensional array and the
lamellar phase.
1.3 Types of surfactants
In addition to conventional single-tailed or double-tailed surfactants (types 1 and 2 in Figure
1.2, respectively) connected to a single head group, other types of surfactants displaying






Figure 1.2 Schematic representation of different types of surfactants: (a) single-tailed, (b) double-
tailed, (c) and (d) gemini, (e) bolaform.
Gemini surfactants (type c and d in Figure 1.2) are a relatively new type of surfactants
although the first gemini had been prepared in the seventies.83 The name gemini was
introduced in 1991 by Menger84 indicating a surfactant that consists of two hydrocarbon tails
each attached to a hydrophilic head group, which are connected by a rigid spacer. Currently,
all surfactants containing two hydrophilic head groups, two hydrocarbon tails, and a mirror
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plane or C2 axis are called either geminis or dimeric surfactants even if a spacer is absent
(type d in Figure 1.2).85 Gemini surfactants are superior to conventional surfactants in many
ways. For example, geminis display lower critical aggregation concentrations, larger surface
tension reduction, lower Krafft temperatures, and better solubility in aqueous solution than
their monomeric counterparts.86 Moreover, dimeric surfactants are superior to many
conventional surfactants in oil solubilization.87,88
Bolaform surfactants (type e in Figure 1.2) consist of two hydrophilic head groups,
connected by a long hydrocarbon spacer.89,90,91 Aggregation concentrations of bolas are
usually lower and aggregation numbers are smaller than those of the monomeric surfactants
of which they consist.
1.4 Azo dyes
Dyes have been used since prehistoric times.92,93,94,95 They were derived from natural
products like plants, flowers or berries but also from animal substances. In the 15th century
BC the Phoenicians (who lived in the area that is now Lebanon) used an animal dye called
tyrian purple, which they obtained from crushed sea snails.96 Almost 4 million mollusks
were required to make one pound of dyestuff. Therefore, only wealthy people could afford
to wear clothes colored with this dye. Hence the expression “born to the purple” is often
used.97 The use of the plant dye indigo (Scheme 1.1, left) dates back to the 3rd century BC and
it is still an important dye. Indigo-dyed fabrics have been found in Egyptian tombs and in
the graves of Incas of Peru. In 1856, William Henry Perkin discovered the first synthetic dye
stuff “Mauve” (an oxidation product of aniline, Scheme 1.1 right) while searching for a cure
for malaria. This finding initiated a new industry of synthetic dyes and pigments.
Dyes are soluble compounds and possess a specific affinity for the substrates for
which they are used. Pigments, on the other hand, are insoluble in the media in which they
are applied and can only be attached with the help of additional compounds, for example,
by using polymers in paints. Dyes are widely used for coloring textiles, leather, in printing,













Scheme 1.1 Structures of indigo (left) and mauve (right).
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Dye molecules consist of chromophores, auxochromes and modifiers. Chromophores
are unsaturated groups like aromatic rings, N=N, or C=N moieties that shift the absorption
spectrum of the dye from the UV to the visible region. Auxochromes like carboxylate,
hydroxide or amino substituents modify the color of the dye and are (if ionizable)
responsible for the attachment of dyes to fibers. The color of dyes can also be changed by so-
called modifiers: alkyl groups that affect absorption spectra of the dyes.
Azo dyes are an important class of dyes; they are mainly used for dyeing textiles,
plastics, leather, paper, mineral oils, and waxes. Their ability to keep an intense color and
fastness to light on cellulose fibers is good whereas it is poor on cotton and wool. Azo dyes
are classified according to their method of application, to the fibers for which they are used,
or their chemical structure. All commercially important azo colorants are listed in the Color
Index according to the mechanism of staining, base color, and number.
Azo dyes attach to fibers either covalently or via non-covalent interactions like
electrostatic, hydrophobic, or Van der Waals interactions or via hydrogen bonding.
1.4.1 Absorption spectra of azo dyes
The UV-vis absorption spectrum of azobenzene consists of three absorption bands (Figure
1.3).98 The absorption band corresponding to the lowest transition is at ca. 440 nm (ε ∼ 500).
This band is assigned to the partly forbidden n→π* transition since it is of low intensity and




band centered at 314 nm
(ε ∼ 17000) is assigned to
a π→π* transition. The
band shows a
bathochromic shift upon
increasing the polarity of




to the highest energy is
localized in the phenyl
rings and is due to a
π→π* transition. The
absorption band occurs at 230-240 nm corresponding to an energy of ca. 500 kJ mol-1.
Azobenzenes with an electron withdrawing group on one side of the molecule and an
electron donating group on the other side are an example of so-called push-pull molecules
which are of interest in the field of non-linear optical materials.100 The lowest energy π→π*
Figure 1.3 Absorption spectra of azobenzene (dotted curve) and 4-




absorption band undergoes a shift to longer wavelengths upon increasing the push-pull
character of the substituents on the azobenzene derivative.101 Table 1.2 presents details of
absorption bands of some azo dyes containing different substituents.
Azo dyes like MO (Scheme 1.2) are part of a class of compounds, which are called
chromonics.102 This family of materials also
includes drugs, nucleic acids, antibiotics, and
carcinogens and anti-cancer agents.
Chromonic molecules are disc-like or plank-
like, in contrast to the rod-like structure of
surfactants. Figure 1.4 shows some examples
of chromonic molecules: they usually contain aromatic rings; the hydrophilic groups are
arranged at the peripheries of the molecules. Chromonics aggregate by stacking via the
hydrophobic sides as a pile of coins or cards rather than by forming micellar structures as is
the case for surfactants. As the size of the stacks increases, the fraction of the total
hydrophobic surface area exposed to the aqueous subphase decreases although a minimum
in the Gibbs energy of aggregation will not be reached and there is no critical aggregation
concentration. Aggregation of surfactants into micelles is a cooperative process reflecting a
balance between electrostatic repulsions of the ionic head groups and hydrophobic
attraction between the alkyl tails.





X, Y n→π* π→π* π→π*
λ (nm) ε / m2 mol-1 λ (nm) ε / m2 mol-1 λ (nm) ε / m2 mol-1
H, H 443 51 319 2200 228 1400




H, N(CH3)2 1 1 410 3040 250 1050
NO2, N(CH3)2 1 1 480 1200 280 1260
1Overlain by the π→π* band.
Nucleic acid bases and nucleosides aggregate into columnar structures in aqueous
solution (Figure 1.5).102 The standard Gibbs energy increment of aggregation for each
additional molecule is nearly constant, irrespective of the column length. Such behavior is
called “isodesmic” (Figure 1.6 left). In contrast, surfactant aggregation is characterized by
non-isodesmic behavior: micelle formation coincides with a minimum in the Gibbs energy

























Figure 1.4 Some examples of chromonic molecules.102a
For the aggregation of purine and pyrimidine
nucleosides, both the enthalpy and entropy of
association are negative.102a This indicated that the
aggregation process is enthalpically driven in contrast
to surfactant aggregation, which is usually entropically
driven.2 The Gibbs energy of aggregation of purine and
pyrimidine nucleosides is in the order of kT (ca. 2.5 kJ
mol-1).102a
Figure 1.6 Isodesmic behavior displayed by chromonic molecules (left) and non-isodesmic
aggregation behavior displayed by surfactants (right). Taken from ref. 91a.
In the case of dyes, aggregation usually occurs only above a certain threshold
concentration, similar to aggregation of a surfactant that occurs above the cmc. In a surface
tension study on the aggregation of a selection of azo dyes it was shown that a certain
Figure 1.5 Aggregation of chromonic
molecules. Taken from ref. 102a.
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threshold concentration is necessary to induce a lowering of the surface tension in a gradual
way.104 In the series MO to butyl orange (BO) the surface activity increases upon increasing
the length of the alkyl substituent from methyl to butyl (Scheme 1.3). Interestingly, ethyl
orange (EO) is more surface active than Orange II, which has a larger apolar part than EO.
The hydrophobicity of azo dyes was compared to that of n-alkylsulfonates. The nonionic
parts of MO, azobenzene sulfonate (ABS), and Orange II are equivalent to a C6 hydrocarbon
tail in the range of 1-10 mM although the lengths of the nonionic parts are about twice that






(CH3)2N methyl orange (MO)
(C2H5)2N ethyl orange (EO)
(n-C3H7)2N propyl orange (PO)
(n-C4H9)2N butyl orange (BO)





Scheme 1.3 Structures of some azo dyes used in a surface tension study.104
1.4.2 Dye-protein interactions
The binding of dye molecules to proteins has been studied using spectral techniques. The
data provide insight into small molecule-macromolecule interactions, which are of major
importance in biochemistry.105 Klotz et al. extensively studied the interactions of azo dyes
and serum albumin106,107,108,109,110,111 in aqueous solution although other authors112,113,114 have
also investigated this area. Aggregation of MO and bovine serum albumin (BSA) has been
investigated spectrophotometrically and by direct binding studies (dialysis). The absorption
maximum of MO undergoes a blue shift of ca. 20-30 nm and the intensity of the absorption
band decreases by approximately 10% upon addition of BSA. On the other hand, the
absorption maximum of azosulfathiazole (Scheme 1.4) shows a red shift from 495 nm in
buffer to 505 nm in the presence of 0.2% BSA. Moreover, the intensity of the absorption











Scheme 1.4 Structure of azosulfathiazole.
λ / Å λ / Å
Figure 1.7 Absorption spectra of MO (left) and azosulfathiazole (right) in buffer at pH 7
(curve A), in buffer containing 0.2% BSA at pH 7, (curve B), and in buffer containing
potassium phthalate (left curve C) or p-aminobenzoic acid (right, curve C). Taken from ref.
106.
The binding of anions to the protein is assumed to occur via the negatively charged
sulfonate moiety of the dyes and positively charged amino acid residues on the protein.106
Indeed, the maximum number of bound anions per BSA molecule is 22, which roughly
corresponds to the 24 arginine residues on the protein that are supposed to be responsible
for binding anions. In addition to electrostatic interactions, hydrophobic interactions are
thought to play a role in the binding of dyes to proteins. 106,108,109
The affinity of both BSA and human serum albumin (HSA) increases upon increasing
the pH of the aqueous solution.110 It was proposed that new types of binding sites become
available upon increasing pH since the protein undergoes a conformational change upon
increasing pH. The absorption maximum of MO bound to HSA shifts to longer wavelengths
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upon increasing the pH and is centered at ca. 480 nm at pH 9.2. Since the absorption band
resembles that of the dye in acidic solution, it was suggested that the red shift of the
absorption band of the dye results from interaction of MO with a proton of an amino acid
residue that becomes available at high pH. However, this is unlikely to occur as indicated by
a resonance Raman spectroscopy study.115 Most likely, the red shift can be explained by an
increase in the ionic strength of the local environment of the dye due to ionization of
additional amino acid residues. The absorption maximum of MO in aqueous solution shifts
to longer wavelengths upon addition of either sodium bromide or tetramethylammonium
bromide (vide infra). In another study the spectral shift of MO to shorter wavelengths upon
interaction with proteins was attributed to a twist of the aromatic system since this usually
results in a blue shift and in a decrease in the intensity of the absorption band.113 However,
resonance Raman spectroscopy showed that the dye does not undergo a conformational
shift upon interaction with proteins.115
1.5 Dye-polymer and dye-polysoap interactions
Polysoaps41,116 and polymers117,118,119,120 exhibit strong binding towards azo dyes like MO.
Both hydrophobic and electrostatic interactions are important in the cooperative binding
process.116,117,118,119 The absorption maximum of the dye undergoes a blue shift from ca. 460
nm in aqueous solution to ca. 370 nm in the presence of small amounts of polymers and
polysoaps and it shifts to longer wavelengths upon addition of excess polymer or polysoap.
The short wavelength absorption band has been attributed to aggregation of neighboring
bound dye molecules on the polymer chain in a parallel orientation.116,117,118,119 The molecular
origin of dye aggregation is discussed in Section 1.7. Upon increasing the polymer or
polysoap concentration dilution of the dye molecules over the polymer or polysoap
backbone occurs and consequently the absorption maximum shifts to that of monomers. The
short wavelength absorption band has also been assigned to a conformational change of the
azo group.113 However, cis-trans isomerism of the azo linkage has been excluded using
resonance Raman spectroscopy that showed that MO retains its trans-form upon binding.115
1.6 Dye-surfactant interactions
The sensitivity of dyes to the polarity of the medium in which they are dissolved makes
them extremely suitable for reporting the presence of hydrophobic microdomains in
aqueous solution. Thus, dyes are often used to determine critical micellar concentrations
(cmcs) of surfactants. Upon increasing the surfactant concentration, the absorption spectrum
of a dye shifts from that in aqueous solution to a spectrum of the dye similar to that in
apolar solvents when micelles are present. Frequently used dyes for determining cmcs are
for example pinacyanol chloride,121,122,123 bromophenol blue,124 and pyrene.125 Cmcs
determined by the dye solubilization method are usually lower than those measured in the
absence of dyes.26 Moreover, the absorption spectrum of the dye often shows anomalities at
concentrations far below the surfactants’ cmc when the charges of the ionic groups of
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surfactant and dye are opposite.122,126 Therefore it was suggested that, when using charged
dyes, the ionic charge should be similar to that of the surfactant.126
The observation that interactions occur between oppositely charged surfactants and
dyes at concentrations far below the surfactants’ cmc is interesting in itself. Several studies
of the interaction of dyes and surfactants at low concentration have been reported. MO has
been widely studied in this respect.41,42,43,113,126,127,128 For example, interactions between MO
and hexadecyltrimethylammonium bromide (C16TAB) in an aqueous solution of 25 µM of
MO occur at a surfactant concentration of approximately 25 µM whereas the cmc of C16TAB
is ca. 1 mM.129 Aggregation is indicated by the appearance of a new band in the absorption
spectrum of the dye that is ca. 80 nm blue-shifted with respect to the absorption band in
aqueous solution. This band is similar to that of the dye in the presence of small amounts of
cationic polymers and polysoaps.43,113,116 Several explanations have been advanced for the
origin of the short wavelength absorption band of MO upon addition of small amounts of
cationic surfactants: cis-trans isomerism of the azobenzene moiety,113 surfactant-dye ion-pair
formation,127 and dye aggregation.41,42 Cis-trans isomerism of the dye is excluded as
described in the previous section.115 Ion-pair formation of surfactant and dye as shown in
Scheme 1.5 is also unlikely since it is not clear why this interaction would only occur at low
surfactant concentrations. The dye dissolved in micelles is supposed to interact a similar
way with surfactants as shown in Scheme 1.5. Thus, dye aggregation seems the most likely








Scheme 1.5 Ion-pair formation was postulated to explain the short wavelength absorption band in the
spectrum of MO upon addition of small amounts of cationic surfactants.127 S+ indicates the surfactant
molecule.
1.7 The molecular exciton model
Absorption spectra of dye aggregates usually show large differences when compared to the
individual molecules.130 These differences are caused by so-called exciton coupling between
the transition dipole moments of the individual dye molecules.131 The molecular exciton
model qualitatively explains the spectral properties of dye aggregates. The chromophores
should preserve their individual characteristics in the aggregates, i.e. it is assumed that there
is negligible overlap of respective molecular orbitals. Moreover, the transition moment of
the electronic transition is assumed to be localized in the center of the chromophore and its
polarization axis parallel to the long axis of the chromophore. Interaction of the excited
states of the chromophores in the aggregate leads to a splitting of the excited state, which is












In this equation, ∆ν is the shift of the absorption spectrum for an aggregate consisting of N
monomers with respect to the monomer absorption, µ the magnitude of the transition
moment, r the center-to-center distance between the chromophores and θ the angle between
the chromophore long axes and the chromophore center-to-center line; h is the Planck
constant and c the speed of light.
Dye molecules can aggregate either in a parallel (H-aggregation) or in a head-to-tail
(J) fashion (Figure 1.8). However, these situations are two extremes since θ can take values











Figure 1.8 Schematic representation of the exciton splitting of the excited state of dye aggregates in a
parallel (left) and head-to-tail (right) fashion.
In the case of parallel dye aggregation, transition dipoles can either be aligned in a
parallel or in an antiparallel fashion (Fig. 1.8 left). The former situation leads to an excited
state that is higher in energy than the excited state in the monomer (due to electrostatic
repulsion between the transition dipole moments) whereas antiparallel orientation of the
transition dipole moments leads to a decrease in the excited state energy. Since the transition
moment of the aggregate is given by the vector sum of both components, transitions from
the ground state to E’ are forbidden (the transition dipole moments cancel) whereas
transitions from the ground state to E’’ are allowed. From Figure 1.8 it is clear that the
absorption band caused by the dimer consisting of parallel dye dimers will be blue-shifted
with respect to that of the monomeric dye. This blue shift can be several tens of nanometers
when the separation is 0.5 nm. Another characteristic of H-aggregates is considerable




When the transition dipoles are in a head-to-tail orientation, the energy level diagram
changes to that shown in Figure 1.8 (right). The in-phase arrangement of transition dipoles
leads to electrostatic attraction which results in excited state E’ whereas out-of-phase
arrangement leads to repulsion resulting in state E’’. A transition from the ground state to E’
leads to a red shift of the transition in the dimer consisting of J-aggregates compared to that
of the monomer. Moreover, J-aggregates usually show enhanced fluorescence that is red
shifted with respect to the monomer fluorescence.
1.8 Scope of this thesis
The research reported in this thesis is concerned with the effects of electrostatic interactions
on the aggregation of hydrophobic compounds in aqueous solution. As discussed above, a
polar functionality attached to an apolar alkyl tail reduces its hydrophobicity by overlap of
the hydrophilic and hydrophobic hydration shells. However, aggregation of solutes in two-
component systems is greatly facilitated by the presence of ionic groups leading to favorable
electrostatic interactions. This effect apparently exceeds the reduction of hydrophobicity of
the solutes by the introduction of an ionic group. Destructive overlap of hydrophobic and
hydrophilic hydration shells is depicted in Figure 1.10. The effects of electrostatically
enhanced hydrophobic interactions are of major importance in many processes in aqueous
solution such as protein folding, (surfactant) aggregation, and molecular recognition.
However, little is known about factors important in the aggregation process of amphiphilic
compounds in aqueous solution governed by both favorable electrostatic and hydrophobic
J-aggregate H-aggregate
Figure 1.9 Exciton band energy diagram for a molecular dimer with transition dipoles inclined to
interconnected axis by angle θ.
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interactions. The present study was therefore initiated in order to assess their importance in
these association processes. Interactions are preferably monitored without the use of probe
molecules since the latter might influence aggregation at low concentrations.
Figure 1.10 Aggregation of amphiphilic molecules leads to hydration shell overlap, a schematic
representation.
The initial study was devoted to the interactions of azo dyes and surfactants at low
concentrations in aqueous solutions (Chapter 2). Since one of the components contains a
chromophore, the association process was directly followed using UV-vis spectroscopy.
Aggregation is monitored in the region where both the surfactant and dye do not show
interactions individually. Aggregation was studied as a function of the chemical architecture
of the oppositely charged compounds. Structural variations in the dye included changes in
the type and position of the ionic group in the first aromatic ring, and of the alkyl
substituent in the second aromatic ring. The surfactant structure was modified in both the
head group region and in the alkyl part. The head groups trimethylammonium and N-
methylpyridinium were studied. Moreover, the effects of single-tailed conventional
surfactants and dicationic surfactants on the aggregation with azo dyes in aqueous solution
were compared. Aggregation occurs at low concentrations and is facilitated by
electrostatically favored hydrophobic interactions.
Chapter 3 describes a study of the aggregation of surfactant-azo dye salts in aqueous
solution. The counter ion of the surfactants is an azo dye instead of a halide atom.
Substitution of the halide counter ion for the hydrophobic azo dye leads to a different
morphology of aggregates formed from single-tailed cationic and of dicationic surfactants.
Again, an interplay of electrostatic and hydrophobic interactions leads to the observed
effects.
Chapter 4 describes the aggregation of n-alkyltrimethylammonium bromide
surfactants and methyl octyl orange (MOO). The anionic component contains a larger
hydrophobic moiety than the azo dyes studied in the previous two chapters. As a
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consequence, the anionic component is a surfactant. Aggregation at low concentrations,
where both surfactants do not aggregate individually, were monitored spectroscopically due
to the presence of the chromophore in MOO in aqueous solution. Interactions occur at low
concentrations and are facilitated by hydrophobic and electrostatic interactions. Aggregate
morphologies are studied at higher surfactant concentrations (mM range) and they show a
dependence on surfactant alkyl tail length.
Chapter 5 describes a study of the aggregation behavior of n-
alkyltrimethylammonium surfactants with a hydrophobically modified salicylate counter
ion in aqueous solution. The morphology of aggregates formed from n-
alkyltrimethylammonium surfactants is strongly influenced by hydrophobically modified
salicylate counter ions as observed by cryo electron microscopy. Temperature induced
morphology changes are observed and an explanation is suggested in terms of a vesicle-to-
micelle transition.
Chapter 6 describes the aggregation of short-chain compounds (<C6) containing
oppositely charged ionic groups in aqueous solution. Intermolecular association processes
are studied as a function of the structure of both components, viz. alkyl tail length and
structure of the ionic group. The influence of hydrogen bonding between the oppositely
charged ionic groups is investigated.
Chapter 7 presents a critical review of the investigations described in the previous
chapters. The results are discussed in terms of electrostatically-enhanced hydrophobic
interactions.
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Interactions of Cationic Surfactants with Azo Dyes in
Aqueous SolutionI
Aggregation of cationic surfactants and azo dyes in aqueous solution has been studied using UV-vis
spectroscopy. Cationic surfactants having a single alkyl chain and a single head group as well as
dicationic surfactants show interactions with MO in aqueous solution at concentrations far below the
surfactants’ cmc. Unsaturation in the alkyl tail of a surfactant impedes aggregation. Aggregation is
characterized by a new band in the absorption spectrum of a given dye, which is ca. 80 nm blue
shifted with respect to the main absorption band of the dye in aqueous solution. An explanation for
the short wavelength absorption band is advanced. The presence and position of the ionic group and
the effect of structural variations of the dialkylamino substituent of an azo dye on the aggregation
have been studied. In addition, interactions of cationic amphiphiles and an azo dye lacking the
azobenzene unit have been investigated. The importance is discussed of both hydrophobic and
electrostatic interactions in the binding process.
2.1 Introduction
Interactions of dye molecules and proteins have been extensively investigated since they
mimic small molecule-macromolecule interactions, which are of major importance in
biochemistry.1 Using dyes, aggregation can be followed spectrophotometrically. For
example, the binding of methyl orange (MO, Scheme 2.1) to bovine serum albumin (BSA)
has been investigated and the importance recognized of electrostatic interactions. Steric
factors are also important in the binding process.2,3 In addition to proteins, interactions of
MO with polymers and surfactants have been investigated. Charged4,5,6 as well as
nonionic7,8,9 polymers bind MO, whereas cationic surfactants show interactions with the dye
at concentrations below the cmc.10,11,12,13,14,15,16 Aggregation is reflected by a ca. 80 nm blue
shift of the main absorption band of the dye. Interestingly, the largest spectral changes are
observed at low surfactant and polymer concentrations. Upon increasing the polymer or
surfactant concentration a shift is observed of the absorption band to longer wavelengths.
Ultimately, the absorption spectrum of the dye resembles that of MO in organic solvents.
Dye aggregation was held responsible for the occurrence of the new band upon binding of
MO to cationic polymers in aqueous solution.5,6 However, cis-trans isomerism12 of the dye
I Our study of the interactions of CnTAB and azo dyes in aqueous solution has been published in
Langmuir 1999, 15, 1083, the study of the aggregation behavior of dicationic surfactants and MO has
been published in Langmuir 2001, 17, 1054, and the study of the interactions of pyridinium surfactants









Scheme 2.1 Structure of Methyl Orange (MO).
This chapter reports a UV-vis spectroscopic study of the interactions of cationic
surfactants and azo dyes in aqueous solutions. Effects of structural variations of both the
surfactants and of the dyes have been studied. The effects of variation of surfactant tail
length and structural variations of the head group of surfactants were studied using n-
alkyltrimethylammonium bromides (CnTAB) and 1-methyl-4-n-alkylpyridinium iodides
(CmpyI) (Scheme 2.2).
N+CmH2m+1 CH3 I-CnH2n+1N+(CH3)3Br-
Scheme 2.2 Structures of CnTAB (left) and CmpyI (right).
The effect of pyridinium iodide surfactants with unsaturations in the alkyl tail
(Scheme 2.3) on the aggregation behavior of MO was also studied. Aggregation of these
surfactants in aqueous solution differs from that of the corresponding saturated









(4) CH3(CH2)4CH CH(CH2)4 (trans)
(5) CH3(CH2)8C C
Scheme 2.3 Structures of unsaturated pyridinium iodide amphiphiles and the saturated analogue.
In addition, the effect of non-conventional dicationic surfactants on the aggregation
process was studied. Scheme 2.4 shows the structures of dicationic surfactants used in this
study.





N+ (CH2)4 +N n-C10H21 2Br-n-C10H21 10p-4-p10
12-s-12, s = 4, 8, 12N+(CH3)2 (CH2)sn-C12H25 +N(CH3)2 n-C12H25 2Br-
Scheme 2.4 Structures of dicationic surfactants.
The selected dicationic surfactants are micelle forming.18 The morphology of
aggregates formed from 12-s-12 gemini surfactants largely depends on the spacer length
(s).18 In the case of 12-s-12 geminis, short spacers (s=2,3) induce the formation of wormlike
micelles; geminis with intermediate spacers (s=4–12) form spheroidal micelles and vesicles
are formed when s=16,20.18 The large influence of s on the aggregation behavior of gemini
surfactants prompted a study of their aggregation with MO.
Bolaform surfactants are structurally related to geminis but the head groups of
bolaform surfactants are connected by a long alkyl chain. The alkyl spacer of bolaform
surfactants is partly stretched and partly bent in micelles.19
Dicationic surfactant 12-4 is interesting because it is intermediate between a gemini





methyl orange (MO) (CH3)2N p-SO3- Na+
para methyl red (pMR) (CH3)2N p-CO2- Na+
methyl red (MR) (CH3)2N o-CO2- Na+
methyl yellow (MY) (CH3)2N H
ethyl orange (EO) (C2H5)2N p-SO3- Na+
azobenzene sulfonate (ABS) H p-SO3- Na+
Scheme 2.5 Structures of azo dyes used in this study.
In addition to the effects of different surfactants on the aggregation process the
influences of structural variations have been investigated of the azo dyes on the interactions
with cationic surfactants in aqueous solution. Scheme 2.5 shows the azo dyes used in this
study. The effects of differences have been examined in the type and position of the ionic
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group as well as the effect of structural variations of the dialkylamino substituent on the
interactions with cationic amphiphiles. In addition, the effects have been studied of dyes
lacking an ionic group or the dialkylamino substituent on the aggregation process.
In order to investigate the importance of the
azobenzene skeleton on the aggregation process the
effect was studied of n-alkyltrimethylammonium
bromides on the absorption spectrum of 4-
butylphenylazosulfonate (Scheme 2.6). The sulfonate
group is directly attached to the azo unit in contrast to
azobenzene dyes where the ionic group is attached to a
second phenyl group. Longer chain analogs (C ≥ 6) have gained interest because of their
photo destructible properties.20 These surfactants form micelles in aqueous solution but they
lose their surface-active properties upon irradiation, which cleaves the surfactants into the
corresponding phenols and hydrocarbons, which display little surface activity.
2.2 Interactions of single-tailed cationic amphiphiles with methyl orange in aqueous
solution
Aggregation of CnTAB and MO in aqueous solution was followed by UV-vis spectroscopy.
Figure 2.1 shows the effects of different concentrations of C12TAB on the absorption
spectrum of MO. Successive additions of small concentrations of surfactant decrease the
intensity of the absorption band at 463 nm (curves 1→4). This band is characteristic of MO in
aqueous solution. Further addition of surfactant produces a new band at ca. 380 nm (curves
3-5). The absorption spectrum shows the new band at a concentration of 4 mM of C12TAB
which is more than 3 times lower than its cmc (13.3 mM).21 The intensity of the new band
first increases upon increasing the surfactant concentration (curves 3→5), and then decreases
(curves 5→7) until another band at ca. 430 nm appears, characteristic of MO bound to
cationic micelles.
Similar experiments using different n-alkyltrimethylammonium bromides have been
performed. Figure 2.2 (left) shows the effect of CnTABs (n = 10, 12, 14, 16, 18) on the position
of the wavelength of maximum absorption of MO in aqueous solution at a dye concentration
of 25 µM. The effect of C18TAB, C16TAB, and C14TAB is similar to that of C12TAB: at
concentrations considerably below the cmc of the surfactants a strong interaction occurs,
which is reflected by the appearance of the short wavelength absorption band. Again, upon
increasing surfactant concentration this short wavelength absorption band gradually
disappears at the expense of the micellar band. These spectral changes are absent for
C10TAB. However, upon increasing the dye concentration to 50 µM the short wavelength
absorption band appears in the absorption spectrum of MO. Table 2.1 compares the cmcs of





Scheme 2.6 Structure of sodium 4-
butylphenylazosulfonate (C4PAS).
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Figure 2.1 Effect of C12TAB on the absorption spectrum of MO in aqueous solution at 30oC, [MO] = 25
µM. [C12TAB]/mM: (1) 0, (2) 3, (3) 4, (4) 6, (5) 8, (6) 10, (7) 11.5, (8) 20.






















Figure 2.2 Left: effect of CnTAB on the position of the wavelength of maximum absorption of MO: (◊) n
= 10; (•) n = 12; (o) n = 14; (♦) n = 16; (∇) n = 18; right: effect of CmpyI on the absorption spectrum of
MO: (▼) m = 8; (◊) n = 10; (•) n = 12; (o) n = 14. Measurements were performed at 30oC except for
C18TAB, which was studied at 35oC. [MO] = 25 µM.
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Comparable results were obtained from experiments using 4-n-alkyl-1-
methylpyridinium iodide surfactants; Figure 2.2 (right). In aqueous solutions containing low
concentrations of C14pyI, C12pyI, and C10pyI aggregation with MO occurs whereas
interactions are absent at low concentrations of C8pyI. The length of the total apolar moiety
of C8pyI is comparable to that of C10TAB, and in both cases aggregation at low surfactant
concentration is absent (at a MO concentration of 25 µM). The dependence of aggregation on
alkyl chain length of the surfactant strongly indicates that hydrophobic interactions are
important in determining intermolecular interactions.
Table 2.1 Aggregation concentration of CnTAB with MO in 25 µM MO solution and critical
micelle concentrations21 of CnTAB.
CnTAB cac (CnTAB)aMO/mM cmc (CnTAB)/mM
n = 12 2.09 13.3
n = 14 0.159 4.41
n = 16 0.024 1.0
n = 18 0.014 2.92
aIn an aqueous solution of 25 µM of MO.
The short wavelength absorption band also appears in absorption spectra of aqueous
solutions of MO and dodecylamine hydrochloride (DAHCl), the latter differing from
C12TAB in its head group: ammonium instead of trimethylammonium. The short
wavelength absorption band was recorded for DAHCl at a concentration of 0.4 mM,
whereas in aqueous solutions of C12TAB the band appeared at 4 mM. Lowering of the
aggregation concentration in the case of DAHCl can be attributed to additional hydrogen
bonding between surfactant N-H moieties and the sulfonate group of MO. The cac of
DAHCl is 14.7 mM.12
2.2.1 Introduction of unsaturations in the surfactant alkyl chain
Surfactant self-aggregation is strongly influenced by the introduction of unsaturation in the
alkyl chain: cmcs show an increase when compared to the corresponding saturated ones.17
However, within the series of surfactants with unsaturations in the alkyl chain neither the
position of the unsaturation nor its configuration seems to have a large effect on the cmc.
Table 2.2 compares cmcs and degrees of counter ion binding (β) of unsaturated pyridinium
amphiphiles and the corresponding saturated one as determined by conductometry.
Structures of the amphiphiles are shown in Scheme 2.3 (p.2). Degrees of counter ion binding
are of the same order of magnitude as in the case of other pyridinium iodide surfactants
(with saturated alkyl tails).22
Interactions of surfactants 1-5 with MO in aqueous solutions have been investigated
using UV-vis spectroscopy. Aggregation of saturated surfactant (1) and MO is similar to that
of other cationic saturated surfactants: aggregation of 1 and MO occurs at concentrations
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well below the cmc of 1 and it is reflected by the appearance of the short wavelength
absorption band which is ca. 80 nm blue shifted with respect to the absorption band of MO
in aqueous solution. The absorption spectrum of MO shifts to that of the dye in the presence
of cationic micelles when the concentration of 1 approaches its cmc. Surfactants 2 and 3, with
the double bond at the end of the alkyl tail and at the 5-position (cis), respectively, largely
impede the aggregation process. On the other hand, the short wavelength absorption band is
observed upon addition of 4 (5-trans) to aqueous solutions of MO. The effects of surfactants
3 and 5 on absorption spectra of MO are shown as an example (Figure 2.3). The increase in
absorbance around 360 nm in Figure 2.3 (left) is most likely due to absorption23 of I3- and/or
due a charge-transfer absorption of the pyridinium head group.24


































Figure 2.3 Effect of surfactants with an unsaturated alkyl tail on the absorption spectrum of MO.
Effect of 3 (left) and 5 (right) on the absorption spectrum of MO. [MO] = 25 µM, T = 30oC.
Numbers correspond to surfactant concentrations in mM.
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Introduction of an unsaturation in the alkyl tail of surfactants leads to shortening of
the alkyl tail. In addition, a decrease in hydrophobicity of the unsaturated alkyl tail with
respect to the saturated surfactant is usually assumed to occur. This pattern is for example
reflected by the Rekker hydrophobic fragmental constants (Σf) for CH=CH and CH2-CH2
moieties, which are 0.63 and 1.475, respectively.25 The higher Σf, the more hydrophobic is the
fragment. Another important difference between saturated and unsaturated alkyl tails is
that unsaturation leads to a bend in the tail, which hampers aggregation of surfactants. Most
likely, interplay of these three effects leads to a decrease in the packing efficiency in the
hydrophobic core of dye-surfactant aggregates. Consequently, a short wavelength
absorption band in the absorption spectrum of MO is absent upon addition of low
concentrations of surfactant.
2.2.2 Changing the dye concentration
Figure 2.4 (left) shows the effect of changes in dye concentration on the interaction of
C16TAB and EO in aqueous solution. Upon increasing the EO concentration higher
concentrations of surfactant are necessary to produce the short wavelength absorption band
in the absorption spectrum of EO. Addition of ca. 30 µM of C16TAB to an aqueous solution of
23 µM of EO is sufficient to produce this band whereas ca. 0.6 mM of C16TAB is required
when the dye concentration is 1.06 mM.












Figure 2.4 Left: effect of C16TAB on the position of the wavelength of maximum absorption of EO in
aqueous solution at 30oC, [EO]: (•) 23 µM, (○) 1.06 mM; right: vesicles formed in an aqueous
solution of 0.95 mM of C16TAB and 1.06 M of EO, bar represents 1 µm.
Aggregates formed at concentrations at which the absorption spectrum of EO (at a
concentration of 1.06 mM) showed the short wavelength absorption band were investigated
using TEM. Vesicles ranging in diameter from 20 nm to several micrometers in diameter are
formed at this concentration. Figure 2.4 (right) shows that vesicles are formed in an aqueous
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solution of 1.06 mM of EO and 0.95 mM of C16TAB. Vesicles at low EO concentration (25 µM)
could not be detected by TEM.
2.3 Interactions of dicationic amphiphiles and methyl orange in aqueous solution
The effects of different dicationic surfactants (Scheme 2.4) on the absorption spectrum of MO
have been investigated using UV-vis spectroscopy. Figure 2.5 shows the effect of different
concentrations of eicosane-1,20-bis(trimethylammonium) dibromide (C20Me6) on the
absorption spectrum of MO. Analogous to n-alkyltrimethylammonium bromide and 1-
methyl-4-n-alkylpyridinium iodide surfactants,15 successive additions of C20Me6 decrease the
intensity of the absorption band at 463 nm. Further addition of surfactant leads to the
appearance of a new band at ca. 380 nm. Similar to the results obtained for n-
alkyltrimethylammonium bromides and 1-methyl-4-n-alkylpyridinium iodides this new
band first increases and then decreases in intensity upon increasing the surfactant
concentration. Finally the band is replaced by the micellar band at ca. 430 nm.


















Figure 2.5 Effect of C20Me6 on the absorption spectrum of MO in aqueous solution at 30oC, [MO] = 25
µM. [C20Me6]/M: (1) 0, (2) 1.0 10-5, (3) 6.0 10-5, (4) 1.1 10-3, (5) 6.0 10-3, (6) 29 10-3.
Interestingly, the short wavelength absorption band is not observed when small
amounts of C10TAB, which is “half” of the C20Me6 molecule, are added. In that case, λmax of
MO gradually shifts from that in water to that of MO in the presence of cationic micelles
(Figure 2.2). The cmc of C20Me646 is 7.5 mmol kg-1 whereas C10TAB has a cmc of 60.2 mM.21
Similar to geminis, cacs of bolas are lower than those of the corresponding monomeric
surfactants. The shifts are understood in terms of an entropy effect: upon transferring one
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tail of a gemini surfactant molecule from the aqueous to the micellar phase, the second tail is
already in a favorable position. This effect might both explain the lowering in cmc for
bolaform surfactants compared to conventional ones and the fact that C20Me6 shows
interactions with MO below the cmc whereas the interactions are absent in the case of
C10TAB.
Figure 2.6 shows the effect of 12-s-12, 10p-4-p10, C20Me6, and 12-4 on the wavelength
of maximum absorption of MO. The surfactants all induce the short wavelength absorption
band in the absorption spectrum of MO. For 12-s-12 geminis the surfactant concentration
necessary for aggregation to occur decreases slightly with the spacer length: cacs of 12-s-12
and MO (at a MO concentration of 25 µM) are 7 µM, 5µM, and 4 µM for 12-4-12, 12-8-12, and
12-12-12, respectively. The cmc decreases26 in the series 12-4-12 to 12-12-12 due to
penetration of the spacer in between the alkyl chains. Therefore, the decrease in aggregation
concentration of 12-s-12 geminis and MO upon increasing s reflects an increase in effective
hydrophobicity of the surfactant in this series. Similar behavior is observed for 10p-4-p10
which shows again that a change in the type of head group has no influence on the
aggregation process. Dicationic surfactant 12-4 also shows interactions with MO below its
cmc (24.1 mM). Although the cmc of 12-4 is larger than that of the corresponding surfactant
with a single ionic group (the cmc of C12TAB is 13.3 mM21), the structural variation does
apparently not hamper the interactions with MO to a large extent.











Figure 2.6 Effect of dicationic surfactants on the position of the wavelength of maximum absorption
of MO: (■) 12-12-12, (▲) 12-8-12, (○) 12-4-12, (×) 10p-4-p10, (∆) C20Me6, (♦) 12-4. Measurements were
performed at 30oC except for 10p-4-p10, which was studied at 60oC.27 [MO] = 25 µM.
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2.4 Interactions of n-alkyltrimethylammonium bromides and different azo dyes in
aqueous solution
In addition to the effects of structural variations of the surfactants, the effects have been
investigated of structural variations of the azo dyes on the aggregation process. The present
section describes a study of the interactions of CnTAB with different azo dyes. Results are
discussed in each case in relation to MO. In Table 2.3 (p. 14) the positions are compared of
absorption maxima of the dyes in different surroundings.
2.4.1 Changing the type and position of the ionic group
In order to examine the influence of variations in the type and position of the ionic group,
the effects have been investigated of CnTAB on the absorption spectrum of pMR and MR.
Both dyes have a carboxylate ionic group which is positioned para with respect to the azo
unit in the case of pMR and ortho in the case of MR. Aggregation of n-
alkyltrimethylammonium bromides and pMR (Figure 2.7, left) is similar to that of n-
alkyltrimethylammonium bromides and MO indicating that a change in the type of head
group has little or no influence on the aggregation process.






















Figure 2.7 Effect of CnTAB on the wavelength of maximum absorption of pMR (left) and MR (right)
in aqueous solution at 30oC: (◊) n = 10; (•) n = 12; (o) n = 14; (♦) n = 16; (∇) n = 18. [pMR] = [MR] = 25
µM. Measurements containing C18TAB were performed at 35oC.
Although the MR molecule is fully conjugated its absorption maximum in aqueous
solution is positioned at shorter wavelengths than in the case of pMR. Presumably, forcing
the aromate system out of planarity results in a hypsochromic shift of the absorption band.28
The position of the absorption maximum of pMR gradually shifts from that in water to that
in micellar solution upon addition of CnTAB. Figure 2.7 (right) presents results of
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experiments using MR. Geometric constraints probably prevent association of surfactant and
dye. Our results are in agreement with a study on the interactions of bovine and human
serum albumin with several azobenzene anions. The isomeric position rather than the nature
of the anionic substituent is important for aggregation.2d
2.4.2 Effect of absence of an ionic group
The importance of the ionic group was tested using MY which lacks an ionic group. The
absorption maximum of MY in aqueous solution is at 442 nm. The blue shift of the
absorption maximum of MY compared to MO results from the absence of the SO3- moiety
(the “pull” substituent is missing). MY does not show interactions with C14TAB at low
concentrations: its absorption maximum gradually shifts from that in aqueous solution to
that in the presence of cationic micelles (ca. 417 nm). The band at 417 nm is characteristic for
MY in a hydrocarbon-like environment since the main absorption band in ethanol is situated
at 407 nm. Figure 2.8 shows the effect of C14TAB and C18TAB on the position of the
wavelength of maximum absorption of MY.












Figure 2.8 Effect of C18TAB (∇) and C14TAB (○) on the position of the wavelength of maximum
absorption of MY.
2.4.3 Effect of structural variations of the dialkylamino substituent
The effect of an increase of the size of the dialkylamino substituent was studied using EO,
which has a diethylamino substituent on the 4’ position whereas MO has a dimethylamino
substituent. This increase leads to a shift in the wavelength of maximum absorption of the
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dye in aqueous solution to longer wavelengths: 472 nm and 463 nm for EO and MO,
respectively. The difference is attributed to an increase in electron donating ability of the
dialkylamino substituent upon increasing the size of the alkyl groups. Figure 2.9 shows the
effects of n-alkyltrimethylammonium bromides on the position of the wavelength of
maximum absorption of EO. The results are similar to those obtained for MO since both
dyes show the short wavelength absorption band in their absorption spectrum upon
addition of small amounts of cationic surfactants. The short wavelength absorption band is
positioned at longer wavelengths in the case of EO. Note that low concentrations of C10TAB
induce a short wavelength absorption band in the spectrum of EO whereas it is absent in the
case of MO and pMR (at similar dye concentration). In the case of C10TAB, the short
wavelength absorption band in the spectrum of EO is at longer wavelengths than that
observed with amphiphiles possessing a longer hydrocarbon tail. Again, increasing the EO
concentration decreases the position of the short wavelength absorption band to 395 nm,
similar to that observed for the other amphiphiles studied. These results are again fully
reconcilable with the role of hydrophobic interactions in the aggregation process.














Figure 2.9 Effect of CnTAB on the wavelength of maximum absorption of EO: (◊) n = 10; (•) n = 12; (o)
n = 14; (♦) n = 16; (∇) n = 18. Measurements containing C18TAB were performed at 35oC. [EO] = 23 µM.
2.4.4 Effect of the absence of the dialkylamino substituent
The effect of the absence of the dialkylamino substituent in the dye on aggregation is
addressed by studying the interactions between CnTAB and ABS (Scheme 2.5, p. 3). The
absorption maximum of ABS in aqueous solution is at 320 nm. The substantial
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hypsochromic shift compared to MO is attributed to the absence of the “pull” substituent.
When dissolved in water the dye does not show a blue shift of the absorption maximum
upon addition of small amounts of cationic surfactants. Rather, the main absorption band
shows a ca. 5-nm red shift upon going from aqueous solution to a micellar environment.
Thus, like an ionic group, the dialkylamino substituent is a prerequisite for efficient binding
at low surfactant concentrations.
Table 2.3 Wavelengths of maximum absorption of the dyes in different media.
dyea water λmax/nm micelles λmax/nm short wavelength
absorption band/nm
MO 463 431 ca. 380
EO 472 452 ca. 395
pMR 463 428 ca. 375
MR 429 416 ---b
MY 440 420 ---b
ABS 318 325 ---b
aStructures of azo dyes are shown in Scheme 2.5 (p.31). bNot observed.
2.5 Interactions of n-alkyltrimethylammonium bromides and 4-
butylphenylazosulfonate in aqueous solution
4-Butylphenylazosulfonate (C4PAS) does not contain the azobenzene skeleton, rather the
sulfonate ionic group is directly connected to the azo unit (Scheme 2.6). This results in a
maximum in absorption of the dye at 307 nm in aqueous solution; its extinction coefficient is
1.2x103 m2 mol-1 in aqueous solution. For comparison, the maximum absorption of
(phenylazo)methane (in ethanol)29 is at 259 nm whereas for azobenzene it is at 319 nm30 in
the same solvent. Figure 2.10 (left) shows the effect of C16TAB on the absorption spectrum of
C4PAS. The absorption maximum of C4PAS in aqueous solution undergoes a blue shift of ca.
20 nm to 287 nm upon addition of small amounts of C16TAB and it shifts to 295 nm upon
increasing the surfactant concentration above the cmc. The trend in the shifts of λmax upon
addition of cationic surfactants is similar to that of MO, EO, and pMR: low concentrations of
surfactants induce the largest spectral shifts and the wavelength of maximum absorption of
the dye in micellar solution is between that of the absorption band in aqueous solution and
in aqueous solution containing low surfactant concentrations. Figure 2.10 (right) shows the
effect of n-alkyltrimethylammonium bromides (n = 12, 14, 16, 18) on the position of the main
absorption band of C4PAS in aqueous solution. The studied surfactants all induce the
absorption band at 287 nm at low surfactant concentrations. The position of this band shifts
to longer wavelengths upon decreasing n: λmax of the short wavelength absorption band is
288 nm in the presence of C18TAB whereas it shifts to 292 nm in the presence of small
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amounts of C12TAB. This effect is attributed to a decrease in hydrophobic interactions in the



























Figure 2.10 Left: effect of C16TAB on the absorption spectrum of C4PAS. [C16TAB]: (1) 0, (2) 20 µM,
(3) 60 µM, (4) 200 µM, (5) 9.5 mM. Right: effect of CnTAB on the position of the absorption
maximum of C4PAS: (◊) n = 10; (•) n = 12; (o) n = 14; (▲) n = 16; (∇) n = 18.
Thus, the lack of a phenyl group in C4PAS does not impede the aggregation of
surfactants and dyes at low concentrations in aqueous solution. However, the shift of the
wavelength of maximum absorption of the dye upon aggregation with small amounts of
cationic surfactants is much smaller than that of MO, EO, and pMR.
2.6 Effect of ionic strength on the aggregation process
Aggregation of surfactants and dyes is strongly influenced by the ionic strength. Figure 2.11
shows the effect C16TAB on the absorption maximum of MO in the presence of different
concentrations of sodium chloride. The short wavelength absorption band appears at lower
surfactant concentrations upon increasing the NaCl concentration, but it is almost
diminished upon further increasing the ionic strength. The results can be interpreted in
terms of increased counter ion binding to the mixed surfactant-dye aggregates responsible
for the short wavelength absorption band. Assuming that dye aggregation is responsible for
the short wavelength absorption band (this feature will be discussed in the next section), the
paired dye interactions are largely eliminated at higher NaCl concentrations. The sensitivity
to NaCl reflects the importance of electrostatic interactions in the aggregation process.31,32
This is corroborated by the fact that interactions between anionic surfactants (e.g. SDS) and
MO are absent11 whereas cationic surfactants with comparable alkyl chain length (e.g.
C12TAB) induce changes in the absorption spectrum of MO.
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Figure 2.11 Effect of NaCl on the interactions of C16TAB and MO in aqueous solution,
[NaCl]: (□) 0.01 M, (▲) 0.1 M, (•) 0.7 M.
2.7 Origin of the short wavelength absorption band
Although a short wavelength absorption band in the absorption spectrum of MO has been
observed in numerous studies its origin is still debated.5,6,10,11,12,13,14,15 Explanations that
account for the blue shifted absorption band include cis-trans isomerism12 of the azo dye,
surfactant-dye ion-pair formation,13 and dye aggregation.5,6 A conformational change of the
dye could be ruled out on the basis of resonance Raman spectroscopy which showed that
the dye retains its trans configuration upon interaction with surfactants and proteins.33 An
explanation of the short wavelength absorption band in terms of ion-pair formation seems
unlikely since it is not clear why ion-pairs would only form at low surfactant concentration.
Most likely, the short wavelength absorption band is caused by dye aggregation although
there is no direct information on the structure of surfactant-dye aggregates formed at low
surfactant concentration. Dye aggregation has been proposed to be responsible for the short
wavelength absorption band of MO in the presence of surfactants10,15 and polymers.4,5,6 A
hypsochromic shift in the absorption spectrum of dendrimers derivatized with azobenzene
moieties has also been ascribed to interactions between the chromophores.34 Similarly, the
hypsochromic shift of λmax upon aggregation of azobenzene-based surfactants has been
attributed to aggregation of the chromophoric units.35 Moreover, parallel orientation of
azobenzene units in cast films of azobenzene-containing amphiphiles has been verified by X-
ray diffraction experiments.36 Cast films have a pseudo-crystalline nature of molecular
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ordering and mechanical flexibility like polymer films. The spectral properties of
immobilized bilayer films are similar to those of the surfactants in aggregates in aqueous
solution. MO molecules in Langmuir-Blodgett films composed of cationic surfactants and
MO are oriented in a more or less parallel fashion and show a blue shift of the π→π*
absorption band as well.37
Figure 2.12 shows possible orientations of surfactants and dyes in mixed surfactant-
dye aggregates. In both cases charge neutralization occurs. Orientation A implies that the
core of the mixed aggregates consists of surfactant alkyl tails whereas the dyes are
considered as the counter ions. Although the dyes are in close proximity, dye aggregation in
the sense of exciton formation is unlikely since formation requires close packing of dyes,
which are present in the diffuse Stern layer. Moreover, the size of the molecules in the Stern
layer is similar to that of those in the core of the aggregate. Usually, apolar molecules are
directed inward the aggregate. This pattern is represented in orientation B. The dyes are also
in close proximity and oriented parallel with respect to each other. Dye aggregates are
unlikely to consist of more than two or three dye monomers because of the creation of
regions of negative and positive charge which is unfavorable. Measurements on monolayer
behavior of C16TAB and MO at the water CCl4 interface suggest that both components
equally populate the interface.38
A B
Figure 2.12 Possible orientations of surfactants and dyes in surfactant-dye aggregates.
In a study on the interactions of MO and cationic poly(3-methyl-1-vinylimidazolium)
methosulfate (PMVI) the interaction energy (∆E = Em - E’ = E’’ - Em, Scheme 1.8) for dyes in
parallel orientation was estimated from the spectral shift of the 370 nm band relative to the
monomer band.10 The main absorption band of MO in aqueous solution consists of two
unresolved bands centered at 476 nm (21000 cm-1 which corresponds to 251 kJ mol-1) and 417
nm (24000 cm-1, corresponds to 287 kJ mol-1). Interaction energies of 6000 cm-1 (72 kJ mol-1)
and 3000 cm-1 (36 kJ mol-1) are calculated depending on which monomer band is taken as the
+ + +
- - -
+++ + - - + +-
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reference. These energies correspond to separations of 0.5–0.7 nm for dyes of unit oscillator
strength in parallel orientation as calculated from the molecular exciton model.39
It was argued that a structure in which
MO are aggregated onto PMVI was
unlikely to exceed dimerization.10
Molecular models indicate that higher-
order dye aggregates would introduce
too much strain. The distance between
next-neighbor imidazolium groups is
approximately 0.5 nm, which would
agree perfectly with the separation
calculated from spectral shifts using the
molecular exciton theory.10
The idea of dye aggregation is
supported by the fact that the short
wavelength absorption band
disappears upon dilution of an
aqueous solution of 0.31 mM of C12TAB
and 25 µM of MO. Figure 2.13 shows
normalized absorption spectra of EO in
an aqueous solution of C12TAB. Upon decreasing both the dye and surfactant concentration
at a constant ratio the short wavelength absorption band is being replaced by the absorption
band of EO in aqueous solution (curves 1→4) indicating that aggregation of dye molecules
indeed occurs.
The importance of hydrophobic interactions is supported by the fact that interactions
between MO and C12TAB are absent in ethanolic solutions. Solvophobic interactions
between solute molecules are weak in nonaqueous solvents like dimethylformamide,
toluene and ethanol,40 although recently vesicle formation has been reported for ethanol-
water solutions and even for pure ethanol.41 On the other hand, electrostatic interactions in
ethanol are stronger than those in water on the basis of the relative permettivities of both
solvents (24.3 for ethanol and 78.5 for water),42 but apparently no aggregation results from
this effect. Moreover, the wavelength of maximum absorption of MO in water only slightly
increases upon addition of tetramethylammonium bromide (TMAB). A red shift of 4 nm was
observed upon addition of 3.1 M of TMAB. This again confirms that hydrophobic
interactions are important for aggregation.
2.8 Conclusions
Interactions of cationic amphiphiles and azo dyes as studied by UV-vis spectroscopy occur
at low concentrations in aqueous solution. Aggregation is reflected by a ca. 80 nm
hypsochromic shift of the main absorption band. Dye aggregation is responsible for the
short wavelength absorption band. Upon increasing the surfactant concentration dilution of














Figure 2.13 Effect of dilution on the short wavelength
absorption band. [C12TAB] (mM) and [EO] (M): (1) 5
mM, 25 µM, (2) 2.4 mM, 12 µM (3) 1.7 mM, 8.6 µM (4)
0.26 mM, 1.3 µM.
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the dye molecules occurs and the absorption spectrum shifts to that of the dye in cationic
micelles. The importance of hydrophobic interactions is revealed by the dependence of
aggregation on the surfactant alkyl tail length and on the size of the alkyl substituents on the
dye nitrogen. Moreover, interactions are absent in ethanolic solutions. The importance of
electrostatic interactions was revealed by the effect of NaCl on the aggregation process.
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2.10 Experimental section
General remarks. C8TAB (Acros), C10TAB (Lancaster), C12TAB (Sigma), C14TAB (Aldrich),
C16TAB (Merck), and C18TAB (Fluka) were dried in vacuo before use.
Tetramethylammonium bromide (Acros) was recrystallized from 80% methanol.
Dodecylamine hydrochloride (DAHCl) was prepared by dissolving dodecylamine (Aldrich)
in water and adding one equivalent of HCl. The pH of DAHCl solutions was adjusted to 6.
The purity of all surfactants was checked by 1H-NMR spectroscopy. Column
chromatography was performed using neutral Al2O3 (activity III), which was prepared by
addition of 4.9 mL of water to 100 g of neutral Al2O3. C8pyI, C10pyI, C12pyI, and C14pyI were
synthesized according to a literature procedure.43 Methyl orange (MO), ethyl orange (EO),
methyl yellow (MY), and para-methyl red (pMR) were obtained from Acros Organics.
Methyl red (MR) and di-sodium tetraborate decahydrate were purchased from Merck.
Azobenzene was obtained from Aldrich. MO was crystallized from doubly distilled water.
EO was dried in vacuo during one night in order to remove traces of ethanol present in the
commercial product. Water was demineralized and distilled twice in an all-quartz
distillation unit.
1H NMR spectra were measured at 200 or 300 MHz on a Varian Gemini-200 or a
Varian VXR-300 spectrophotometer, respectively. Melting points were determined on a
Kofler hot-stage or a Mettler FP 2 melting point apparatus equipped with a Mettler FP 21
microscope. Elemental analyses were performed in the analytical department of our
laboratory by Mr. Jan Ebels, Mr. Harm Draaijer, and Mr. Jannes Hommes.
Alkanediyl-α,ω-bis (dimethyldodecylammonium bromide) surfactants (12-s-12, s = 4, 8,
12).26 These surfactants were synthesized by a modified literature procedure.26 N-dodecyl-
N,N-dimethylamine and the appropriate α,ω-dibromoalkane were refluxed in ethanol in a
4:1 ratio for 2 days (n = 4) or 5 days (n = 8, 12). The concentration in α,ω-dibromoalkane was
ca. 0.3 M. The reaction was followed by 1H NMR spectroscopy and was stopped when
complete conversion of α,ω-dibromoalkane had occurred. After evaporation of the solvent,
the product was purified by column chromatography. Excess N-dodecyl-N,N-
dimethylamine was eluted with CH2Cl2. Subsequent elution with CH2Cl2/10% MeOH gave
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both monoalkylated product and the desired gemini amphiphile. Surfactant fractions, which
contained monoalkylated product, were recrystallized from CH3CN. Gemini surfactants 12-
s-12 were obtained as white solids in 70–75 % yield. The surfactants were pure as
determined by 1H NMR spectroscopy. 12-4-12, mp 225-228oC (dec.), lit. 215oC (dec)44, 237-
240oC45; 12-8-12, mp 192-195oC, lit. 206-208oC45; 12-12-12, mp 129-134oC, lit. 137-138oC45.
Melting points differ from literature values although those values show mutual differences
themselves. Most likely, the differences can be attributed to the presence of traces of water in
the gemini surfactants. The purity of gemini 12-12-12 was checked by elemental analysis.
Anal. Calcd. C40H86N2Br2 (754.94): C 63.64; H 11.48; N 3.71; Br 21.17. Found: C 63.50; H 11.55;
N 3.85; Br 21.11.
Eicosane-1,20-bis(trimethylammonium) dibromide (C20Me6).46 Bola amphiphile C20Me6 was
synthesized according to a literature procedure.19 In short, 300 mg (0.68 mmol) of 1,20-
dibromoeicosane47 was added to 6 mL of a 33% ethanolic solution of dimethylamine. The
solution was refluxed for 48 h after which the reaction was complete as indicated by 1H
NMR spectroscopy. The reaction mixture was cooled to room temperature and after
addition of 15 mL of diethyl ether, precipitation of C20Me6 occurred. The product was
isolated by suction as white crystals in 93% yield (350 mg; 0.63 mmol). Bola amphiphile
C20Me6 was pure as determined by 1H NMR spectroscopy. Mp >230oC.
N,N’-(1,4-butanediyl)-bis-(4-decyl)-pyridinium dibromide (10p-4-p10). A solution of 1.99 g
(9.1 mmol) of 4-decylpyridine48 and 0.66 g (3.1 mmol) of 1,4-dibromobutane in 7 mL of abs.
ethanol was refluxed for 24 h under a nitrogen atmosphere. After evaporation of the solvent,
the reaction mixture was purified by column chromatography. Excess pyridine was
removed by CH2Cl2, the product was eluted with CH2Cl2/10% MeOH. The product was
recrystallized from CH3CN in order to remove monoalkylated compound. White crystalline
10p-4-p10 was obtained after ion exchange using a Dowex 1×8 200-400 mesh column in 66%
yield (1.34 g, 2.04 mmol). Mp 206-208oC (dec). 1H NMR (200 MHz, CDCl3) δ 0.85 (t, 6H,
CH3), 1.24-1.28 (m, 28H CH2 alkyl tails), 1.65 (m, 4H, β-CH2), 2.42 (m, 4H, CH2 spacer), 2.82
(t, 4H, α- CH2), 5.09 (m, 4H, N+- CH2), 7.74 (d, 4H, CH ar), 9.67 (d, 4H, CH ar). 13C NMR (200
MHz, CDCl3) δ 12.59 (p), 21.13, 26.44, 27.57, 27.68, 27.72, 27.85, 27.97, 28.03, 30.31, 34.41 (s),
57.86 (s), 126.34 (t), 143.20 (t), 161.61 (q). Anal. Calcd. C34H58N2Br2 (654.66): C 62.38; H 8.93; N
4.28; Br 24.41. Found C 62.30; H 8.82; N 4.43; Br 24.24.
N-dodecyl-N,N,N’,N’,N’,-pentamethyl-N,N’-butanediylammonium dibromide (12-4). A
solution of 2.1 g (10.8 mmol) of N-(4-bromobutyl)-N,N,N-trimethylammonium bromide49
and 2.74 g (12.9 mmol) of N-dodecyl-N,N-dimethylamine in 40 mL of abs. ethanol was
heated under reflux. After 72 h the ratio of starting compounds to product was constant and
the reaction was stopped. Separation of the products was achieved by column
chromatography. Excess N-dodecyl-N,N-dimethylamine was eluted with CH2Cl2.
Subsequently, CH2Cl2/15% MeOH was used for elution of the product. After removal of the
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solvents, 12-4 was obtained as a hygroscopic white solid (mp 215-217oC) in 62% yield (3.27 g,
6.7 mmol). 1H NMR (200 MHz, CD3OD) δ 0.87 (t, 3H, CH3), 1.25-1.35 (m, 18H, CH2 alkyl tail),
1.75 (m, 2H, β-CH2), 2.08 (m, 4H, CH2), 3.31 (s, 6H, N+(CH3)2), 3.43 (m, 11H, N+(CH3)3 and α-
CH2). 13C NMR (200 MHz, CD3OD) δ 11.54 (p), 17.76, 18.17, 20.75, 20.82, 24.54, 27.38, 27.55,
27.70, 27.74, 27.83, 30.15 (s), 48.41 (p), 50.78, 50.85, 50.93 (p), 61.41, 62.92, 63.80 (s). Anal.
Calcd. C21H48N2Br2 (488.43): C 51.64; H 9.91; N 5.74; Br 32.72. Found: C 51.13; H 9.77; N 5.73;
Br 32.67.
Azobenzene sulfonate. ABS was synthesized by sulphonation of azobenzene according to a
literature procedure.50 Mp 120-122oC (lit. 127oC).50
4-Butylphenylazosulfonate. C4PAS was synthesized by diazotation of 4-butylaniline
according to a literature procedure for the preparation of 4-alkylphenylazosulfonates.20
Mp>230oC. 1H NMR (300 MHz, D2O) δ (t, 3H, CH3), 1.31 (m, 2H, CH2), 1.80 (m, 2H, CH2)
2.64 (t, 2H, CH2), 7.35 (d, 2H, CH ar), 7.78 (d, 2H, CH ar).
UV-vis spectroscopy. UV-vis absorption spectra were recorded using a Perkin-Elmer λ5 or
λ12 spectrophotometer equipped with a thermostated cell compartment. MO, pMR, MR,
C4PAS, and ABS concentrations were 25 µM, the EO concentration was 23 µM, and that of
MY was 12 µM. Solutions except for those containing C4PAS were prepared in 0.02 M
sodium borate buffers adjusted to pH 9.4.
Transmission electron microscopy (TEM). Transmission electron micrographs were
obtained using a JEM 1200 EX electron microscope operating at 80 kV. Samples were
prepared on carbon-coated collodion grids and stained with uranyl acetate (UAc).
Differential scanning calorimetry (DSC). DSC measurements were made using a Perkin
Elmer DSC-7 apparatus using stainless steel pans. The reference cell contained an empty
pan. Heating and cooling scans were run with scan rates of 3 degrees min-1.
Surface tension experiments. Critical aggregation concentrations (cacs) were determined by
drop tensiometry using a Lauda TVT1 drop tensiometer equipped with a LAUDA RM6
thermostat bath. Cacs were determined from ca. 15 data points ranging from 0.1 times the
cac to 10 times the cmc.
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Chapter 3
Aggregation Behavior of Surfactant-Dye SaltsI
Aggregation of n-alkyltrimethylammonium-methyl orange, ethyl orange, and para methyl red salts
(CnTA-MO, CnTA-EO, and CnTA-pMR, respectively) and of dicationic surfactant-methyl orange
salts was studied using differential scanning calorimetry (DSC), optical microscopy, and
transmission electron microscopy (TEM). Critical aggregation concentrations (cacs) of C10TA-MO
and C12TA-pMR were determined using conductometry and drop tensiometry. The cacs are
considerably lower than those of the corresponding bromides. CnTA—azo dye salts form myelins and
vesicles above the Krafft temperature (TK). Similarly, dicationic surfactant-MO salts formed vesicles
in aqueous solution. The effect of different dye counter ions on TK of CnTA-azo dye salts is discussed.
Myelin formation of gemini surfactant-dye salts depends on the spacer length of the gemini.
Aggregation behavior of dicationic surfactant-MO salts is compared to that of aqueous mixtures of
dicationic surfactants and MO containing an equivalent of NaBr.
3.1 Introduction
Surfactant molecules self-associate in aqueous solution into a variety of morphologies of
supramolecular assemblies like micelles, vesicles, emulsions, fibers, and liquid crystals
depending on the design of the surfactant molecule and the specific conditions under which
aggregates are formed.1 For example, aggregation of n-alkyltrimethylammonium surfactants
in aqueous solution is strongly dependent on the type of counter ion: spherical micelles are
formed in combination with halide counter ions whereas aromatic counter ions usually
induce the formation of wormlike micelles.2 Upon addition of counter ions of increased
hydrophobicity to aqueous solutions of C16TAB the surfactant forms vesicles.3,4 The
formation of vesicles in these mixtures occurs spontaneously, i.e. without the input of
mechanical energy or elaborate chemical treatment. Usually, vesicle formation from double-
tailed bilayer-forming lipids needs considerable energy input, for example sonication or
extrusion.5 However, spontaneous vesicle formation from bilayer forming amphiphiles can
be induced by, e.g., addition of strongly hydrated counter ions,6 changes in temperature,7 or
pH.8 Catanionic surfactants also spontaneously associate into vesicles.9 Such surfactants are
generally more soluble in aqueous solution than common bilayer-forming surfactants and
they form micelles when separately dispersed in aqueous solution.
Geminis constitute a class of surfactants that comprise two hydrophilic head groups
and two alkyl chains, which are linked by a spacer at the level of the head groups.10,11
Gemini surfactants are superior to conventional single-tailed surfactants in many properties:
I The studies of the aggregation behavior of CnTA-azo dye salts and of dicationic surfactant-2MO salts
have been published in Langmuir 1999, 15, 1083 and in Langmuir 2001, 17, 1054, respectively.
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they display lower cmcs, larger surface tension reduction, lower Krafft temperatures, and
better solubility in aqueous solution. Moreover, they are superior to many conventional
surfactants in oil solubilization.11,12 Alkanediyl-α,ω-bis(alkyldimethylammonium) bromides
have been extensively studied and their aggregation behavior strongly depends on the
length of the spacer.11,13,14 These surfactants are usually referred to as m-s-m where m and s
are the number of carbon atoms in the alkyl tail and in the spacer, respectively. In the series
12-s-12 short spacers (s=2, 3) induce the formation of threadlike micelles, spheroidal micelles
are formed when s=4-12 and vesicles are formed when s=16, 20.11,13,14,15,16 Aqueous solutions
of 12-2-12 and 12-3-12 display the formation of entangled wormlike micelles resulting in
viscoelastic solutions.13,17 Dimerization via short spacers leads to reduced curvature of the
aggregates formed in aqueous solution when compared to the monomeric counterparts.16
Aggregation numbers of micelles formed from geminis with short spacers increase rapidly
upon increasing surfactant concentration.13 Upon increasing s to s=4-8 the distance between
the head groups increases to 0.6–1.1 nm, which is close to the average distance between head
groups in spheroidal micelles.13,14 Therefore, these geminis display aggregation behavior
similar to conventional micelle-forming surfactants.
Bolaform amphiphiles are related to geminis since they also consist of two hydrophilic
head groups at both ends (α and ω) of a spacer. However, the spacer is longer than that in
the case of gemini amphiphiles.18 Bolas are usually membrane-spanning when incorporated
into bilayers. Surfactants are called bolas when the spacer is longer than twice the alkyl tail
(s>2m). Like geminis, cmcs of bolas are lower than those of the monomeric surfactants of
which they consist. Moreover, they display different aggregate morphologies19 like vesicles20
and rods21 when dispersed in aqueous solution. Geminis have only synthetically been
prepared whereas bolaform amphiphiles are naturally occurring in archaebacteria where
they protect the cells against the extreme circumstances under which they live.22
Although the effect of counter ions on the aggregate morphology of n-
alkyltrimethylammonium surfactants has been widely studied,2,23 morphology changes of
aggregates formed from gemini and bolaform surfactants as induced by different counter
ions have not been previously addressed in any detail. Moreover, the effect of large
hydrophobic counter ions like azo dyes on the aggregation behavior of either conventional
or non-conventional cationic surfactants has not been assessed. This chapter describes a
study of the aggregation behavior of n-alkyltrimethylammonium-azo dye salts (CnTA-MO,
CnTA-pMR, CnTA-EO where n is the number of carbon atoms in the alkyl chain). In
addition, the aggregation behavior of dicationic surfactant-methyl orange salts was
investigated. The surfactants are didodecyl-α,ω-bis(dimethylalkyl)ammonium 2MO (12-s-12
2MO, spacer length s=4, 8, 12), N,N’-(1,4-butanediyl)-bis-(4-decyl)-pyridinium 2MO (10p-4-
p10 2MO), eicosane-1,20-bis(trimethylammonium) 2MO (C20Me6 2MO), and N-dodecyl-
N,N,N’,N’,N’,-pentamethyl-N,N’-butanediylammonium 2MO (12-4 2MO) salts. Structures
of surfactants and dyes are shown in Scheme 3.1.
Thus, whereas the previous chapter reported on interactions of surfactants and dyes at
low concentrations (µM range) in aqueous solution, the present chapter describes a study of
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the aggregation behavior of surfactants and dyes at high concentrations (mM range) in
aqueous solution. Moreover, aggregation was studied at equimolar ratios of surfactants and
dyes whereas previously interactions were investigated as a function of surfactant
concentration at a constant dye concentration. Dye-surfactant salts were studied using
differential scanning calorimetry (DSC) for determining Krafft temperatures (TK). The
formation of myelins was studied in so-called phase penetration experiments using optical
microscopy.29 Cacs were determined using both surface tension experiments and
conductometry. The morphology of aggregates formed from surfactant-dye salts in aqueous
solution was investigated by negative staining transmission electron microscopy (TEM).
surfactants dyes
CnH2n+1N+(CH3)3
CnTA+, n = 10, 12, 14, 16, 18
N+(CH3)2 (CH2)sn-C12H25 (CH3)2N+ n-C12H25














aOnly in combination with MO.
⇒ CnTA-MO, CnTA-pMR, CnTA-EO
12-s-12 2MO, 10p-4-p10 2MO, C20Me6 2MO, 12-4 2MO
Scheme 3.1 Structures of surfactant–dye salts
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3.2 Chemical identification of surfactant-dye salts
Precipitation occurs in aqueous solutions of surfactants and dyes when mixed at surfactant
concentrations below the surfactants’ cmc. Isolation of the precipitates and identification by
1H NMR spectroscopy revealed a 1:1 ratio of surfactant-to-dye for singly charged surfactant-
dye salts and a 2:1 ratio of surfactant to dye for dicationic surfactant-dye salts. A 1:1 ratio of
surfactant to dye for the C16TA-MO salt was confirmed by elemental analysis (see
experimental section). Precipitation of dye-surfactant salts in a 1:1 molar ratio has been
observed before for aqueous solutions of cationic surfactants and anionic dyes as well as for
solutions of anionic surfactants and cationic dyes.24
Table 3.1 shows melting points of n-alkyltrimethylammonium–azo dye salts. Melting
points decrease upon increasing the number of carbon atoms in the surfactant alkyl tail (n)
although differences are not extremely large, particularly for the different CnTA-MO salts.
Depending on the type of surfactant, melting points of ionic surfactants either increase or
decrease upon increasing the tail length.31
Table 3.1 Melting points (mp) of surfactant-dye salts.
CnTA-MO mp/oC
n = 10 237-239
n = 12 236-239
n = 14 230-232
n = 16 227-229
n = 18 220-222
CnTA-pMR mp/ oC
n = 10 196-199
n = 12 188-195
n = 14 184-187
n = 16 165-169
CnTA-EO mp/oC
n = 10 215-217
n = 12 203-205
n = 14 188-191
n = 16 177-180
Precipitation of surfactant-dye salts also occurs in aqueous solutions of dicationic
surfactants and dyes. In this case the crystals consist of a surfactant to dye ratio of 1:2. Table
3.2 presents melting points of dicationic surfactant-2MO salts.
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3.3 Optical microscopy and differential scanning calorimetry
A change of crystalline surfactant material to closed bilayer structures can be followed
under an optical (polarizing) microscope using the phase penetration technique.29 In such an
experiment, water is brought into contact with solid surfactant material and, upon heating,
the formation of myelins at the boundary of the crystal/water interphase can be observed.
Myelins are wormlike structures and have been proposed to consist of surfactant layers
alternating with water layers that are wrapped around a core axis of water.25 Myelin
formation can also be detected using DSC. The temperature of myelin formation (Tmyelin)
corresponds to an endothermic transition in a DSC enthalpogram.29 The solubility of
surfactant-dye salts in aqueous solution shows a sudden increase when heated above Tmyelin.
Therefore, myelin formation can be compared to the Krafft temperature phenomenon for
micellar systems when Tmyelin is defined as the temperature above which the solubility of
micelle-forming surfactants shows a drastic increase. At TK, the solubility of the surfactant
equals the cmc.26 In other words, the myelin temperature of bilayer-forming surfactants
corresponds to the Krafft temperature (TK) of micelle-forming surfactants.
3.3.1 n-Alkyltrimethylammonium–azo dye salts
Figure 3.1 shows myelins formed from C10TA-MO as observed by optical microscopy.
Temperatures at which myelins are formed can also be determined in DSC experiments
since the transition corresponds to an endothermic heat effect that can be detected
calorimetrically.




Figure 3.2 shows an example of a DSC plot for C10TA-MO. The endothermic
transition upon heating corresponds to the Krafft temperature whereas the exothermic
transition upon cooling corresponds to crystallization of the material. The transition
corresponding to crystallization of the material always occurred at a temperature lower than
the Krafft temperature and sometimes a transition in the cooling scan was not even
observed. This pattern has been often found and depends on the crystallization behavior of
the material.27 Table 3.3 shows the critical temperatures as determined by DSC (TK) and
optical microscopy (Tmyelin) for surfactant-MO salts.















Figure 3.2 DSC plot of C10TA-MO in aqueous solution.
Changes in Krafft temperature can often be explained by either a change in the
solubility of the surfactant monomer or by a change in the stability of the solid state.
Differences in monomer solubility have been suggested to be reflected by differences in
enthalpy of melting or solvation whereas changes in stability of the solid state are reflected
by differences in melting points.28 Unfortunately, the low solubility of surfactant-dye salts
prevented the determination of enthalpies of solvation. Krafft temperatures of n-
alkyltrimethylammonium-dye salts did not show a clear trend upon changing n.
Apparently, both the surfactant solubility and the stability of the solid state contribute to the
Krafft temperature and it is not a matter of one effect dominating the other. Figure 3.3
schematically shows the relation of the Krafft temperature and n of CnTA-MO, CnTA-pMR,
and CnTA-EO salts. With the exception of C10TA-MO, Krafft temperatures of CnTA-EO salts
are lower than those of the corresponding MO salts. Since melting points of CnTA-pMR salts
Aggregation Behavior of Surfactant-Dye Salts
59
are lower than those of the corresponding MO salts the differences can most likely be
explained by a difference in the stability of the solid state of the surfactant-dye salts. Krafft
temperatures of CnTA-EO salts are lower than both those of CnTA-MO and CnTA-pMR salts.
This effect cannot be attributed to differences in the stability of the solid state since melting
points of CnTA-EO are between those of CnTA-MO and CnTA-pMR. Most likely, the
differences in Krafft temperatures can be explained by increased solubility of CnTA-EO. This
idea is supported by the fact that precipitation of CnTA-EO in aqueous solutions of CnTAB
and EO as studied by UV-vis spectroscopy (see Chapter 2) did not occur whereas
precipitation of CnTA-MO and CnTA-pMR under similar conditions occurred within several
minutes.

















10 ≤ 23 34.7
12 ≤ 23 49.1
14 ≤ 23 a
16 ≤ 23 52.9
aNo transition in the DSC
enthalpogram.
Micelle-forming surfactants often display Krafft temperatures which are dependent on
e.g. the type of counter ion,29,30,31 the degree of unsaturation,32 or branching30 of the alkyl
chain. Also the size of the head group significantly influences the Krafft temperature. 31,33
Krafft temperatures of ionic surfactants usually increase upon increasing alkyl chain length.
This trend can be explained by differences in energy necessary to break down the crystal
lattice when melting points increase with increasing surfactant alkyl tail length. On the other
hand, when melting points decrease upon increasing n (which is the case with the studied
surfactants), the effect of the change in solubility of ionic surfactants upon increasing n is
apparently larger than that of the change in stability of the solid state.
The behavior of CnTA-EO salts in phase penetration experiments is different from
that of the corresponding MO and pMR salts. CnTA-EO salts form myelins upon addition of
water at room temperature but they start swelling at temperatures close to the Krafft
temperature as detected by DSC. Figure 3.4 illustrates this behavior for C16TA-EO. Myelin
figures are formed at 23oC (Figure 3.4, left) and they undergo swelling at temperatures
above TK (Figure 3.4, right). A lamellar structure is present below and above the Krafft
temperature. Similar effects have not been previously reported.
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Figure 3.3 Schematic representation of Krafft temperatures of n-alkyltrimethylammonium-dye salts:
(∆) CnTA-MO, (o) CnTA-pMR, (×) CnTA-EO. The Krafft temperature of C14TA-EO is taken as the
temperature at which myelins start to swell.
Figure 3.4 Myelins formed from C16TA-EO at room temperature (left) and swollen myelins at 60oC.
The bar represents 80 µm.
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3.3.2 Dicationic surfactant 2MO salts
The formation of myelins formed from dicationic surfactant 2MO salts was also studied in
phase penetration experiments using optical polarization spectroscopy. In addition, Krafft
temperatures were determined in DSC experiments. Table 3.4 shows critical temperatures of
dicationic surfactant 2MO salts as determined by DSC and optical microscopy. Critical
temperatures obtained by both methods are in good agreement. The solution behavior of 12-
s-12 2MO surfactants is dependent on the spacer length: the Krafft temperature increases
upon decreasing s from 12 to 8, whereas 12-4-12 2MO does not dissolve at all. Moreover, 12-
8-12 2MO forms myelins at Tmyelin whereas 12-12-12 2MO dissolves at Tmyelin. Although the
difference in TK for 12-8-12 2MO and 12-12-12 2MO is not large, it can be reproduced in DSC
measurements. Most likely, the effect of differences in solubility of the surfactant dominates
the effect of the stability of the solid state of 12-s-12 2MO salts. The absence of myelin
formation of 12-4-12 2MO might be partly due to its high melting point and consequently a
result of the stability of the solid state. Both the degree of counter ion binding and the nature
of the counter ion have been shown to affect Tmyelin. Krafft temperatures of di-n-
alkylphosphates29 increase upon increasing the counter ion binding: TK for sodium di-n-
alkylphosphates are higher than those of their corresponding potassium analogues reflecting
a smaller counter ion binding for the latter. An increase in counter ion binding results in less
hydrated head groups and this hampers the penetration of water into the crystal. Moreover,
Ca2+ binds so strongly that calcium di-n-dodecylphosphate does not form myelins upon
water penetration. The degree of bromide counter ion binding to 12-s-12 surfactants
decreases in the series s=4, 8, 12.42 Most likely, the MO counter ion binding will also follow
this trend. This pattern explains the difference in TK for the 12-s-12 2MO surfactants: 12-12-
12 2MO will show the lowest degree of counter ion binding and therefore it displays a lower
TK than 12-8-12. Apparently the binding affinity of MO for 12-4-12 is so high that hydration
does not take place and myelin formation is inhibited. This effect is probably enhanced by
the relatively stable solid state formed by 12-4-12 2MO. Thus, the spacer length has a
profound influence on the solution behavior of 12-s-12 2MO surfactants in an aqueous
environment as observed by DSC and optical microscopy. Most likely, the absence of myelin
formation for 10p-4-p10 2MO can also be explained by a high binding constant between MO
and 10p-4-p10. No water can penetrate into the head group region and lyotropic
mesophases are not formed. The formation of myelins was also observed for C20Me6 2MO
and for 12-4 2MO although TK was accompanied by only a weak transition in the DSC
enthalpogram due to its low solubility in water.
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Table 3.4 Krafft temperatures as determined by optical microscopy (Tmyelin) and DSC (TK) of
dicationic surfactant 2MO salts.
Compound Tmyelin / oC TK / oC
12-4-12 2MO a b
12-8-12 2MO 86 87.6
12-12-12 2MO 86 c 85.6
10P-4-P10 2MO a b
C20Me6 2MO 78 80.5
12-4 2MO <23 22.1d
aNo myelin formation at T<100oC. bNo transition in the DSC enthalpogram from 0 – 100oC.
cCompound dissolves without the formation of myelins. dWeak transition.
3.4 Critical aggregation concentrations
Cacs of some of the surfactant-dye salts have been determined by conductivity and surface
tension experiments. Figure 3.5 (left) shows a conductivity plot for C10TA-MO. Experiments
were performed at temperatures above the Krafft temperature of the surfactant, in the case
of C10TA-MO experiments were performed at 50oC. The cac of C10TA-MO is 0.83 mM as
indicated by the break in the conductivity plot. The aggregation concentration is
dramatically lowered compared to that of C10TAB, which forms micelles at a concentration
of 60.2 mM.34 The degree of counter ion binding (β) as calculated from the slopes before and
after the cvc in the plot of conductivity versus surfactant concentration is 91%. This high
degree of counter ion binding implies the formation of aggregates in which both
components are present in (almost) equal quantities. This formation is confirmed by analysis
of bilayer material. A vesicular solution of C10TA-MO was centrifuged in an ultra centrifuge
at 50oC at 25000 rpm for 10 min. The bilayer material was collected and analyzed by 1H
NMR spectroscopy that showed that the material consists of a 1:1 molar ratio of surfactant
and dye. Efforts have been made in order to determine cacs of other CnTA-azo dye salts but
these experiments unfortunately failed most likely due to solubility problems. The cac of
C12TA-pMR has been determined by conductometry and amounts to 1.55 mM. The counter
ion binding β equals 0.72. Again, the cac of C12TA-pMR is much lower than that of the
corresponding Br- salt, which has a cmc of 13.3 mM.34
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Figure 3.5 Conductivity of C10TA-MO in aqueous solution (left) and surface tension plot of C10TA-MO
(right).
The cac of C10TA-MO in aqueous solution was also determined by drop tensiometry.
Figure 3.5 (right) shows the surface tension plot of C10TA-MO in aqueous solution at 50oC.
The break in the plot indicates the cac and occurs at 0.83 mM, which is in perfect agreement
with the result obtained from conductometry. The area occupied by the surfactant at the air-
water interface as determined from the slope of the plot before the cac using the Gibbs
isotherm for a 1:1 electrolyte is 79.9 Å2.35 This corresponds to 39.9 Å2 per chain if both the
surfactant and counter ion contribute to an equal amount to the area. Which is somewhat
trivial of course. In a study on mixed monolayers of C16TAB and MO at the CCl4/water
interface it was observed that MO occupies an area of 46 Å2 whereas the interaction product
occupies an area of 89 Å2.36 The areas of n-alkyltrimethylammonium surfactants with halides
as the counter ions are 60–75 Å2,37 indicating a decrease in the area per chain when the
counter ion of C10TA+ is MO. The surface tension value at the cac (γcac) equals 41.0 mNm-1.
Aggregation of surfactant-dye salts was also followed by UV-vis spectroscopy.
Figure 3.6 shows UV-vis spectra of C10TA-MO in aqueous solution at concentrations below
and above the cac. Clearly, the short wavelength absorption band appears as a shoulder in
the absorption spectrum of MO at concentrations above the cac as indicated by the arrow.
Thus, the short wavelength absorption band is associated with the formation of vesicles.
Higher surfactant concentrations could not be measured because of the high absorption of
the solutions, even when using 1 mm cuvettes.
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Figure 3.6 Absorption spectra of C10TA-MO in aqueous solution below and above the cac.
[C10TA-MO]/mM: (1) 0.63, (2) 0.97; T = 50oC.
3.5 Electron microscopy
The morphology of aggregates formed from surfactant-dye salts was investigated using
TEM. Surfactant solutions were prepared by addition of 0.5 mL of water to 2-3 mg of the
surfactant-dye salts. The mixtures were vortexed and subsequently heated while stirring to
above the respective Krafft temperatures.
3.5.1 n-Alkyltrimethylammonium-dye salts
Formation of myelins by surfactant-dye salts in phase penetration experiments is a strong
indication that the studied surfactants will display vesicle formation in aqueous solution. To
test this hypothesis, aggregates formed from these surfactants in aqueous solution were
studied using TEM. Electron micrographs were obtained of a 5.2 mM aqueous solution of
C10TA-MO (Figure 3.7 left) and of a 2.8 mM aqueous solution of C12TA-pMR (Figure 3.7
right). Vesicles with diameters of 400-1000 nm were observed. Vesicles formed from C12TA-
MO, C14TA-MO, and C16TA-EO in aqueous solutions are of similar size. Vesicle solutions
were stable for more that one week when kept above TK but readily flocculated upon
cooling.
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Figure 3.7 Negatively stained electron micrographs of a 5.2 mM aqueous solution of C10TA-MO (left)
and of a 2.8 mM aqueous solution of C12TA-pMR (right). The bar represents 1 µm.
3.5.2 Dicationic surfactant-dye salts
Attempts were made to prepare aqueous solutions of dicationic surfactant-dye salts but
suspensions were formed in each case due to their low solubility. When studied by TEM, the
surfactant-dye salts were found to form vesicular structures in aqueous solution. Vesicles
showed a rather large size distribution with diameters ranging from 25 nm – 1 µm. In
addition, crystals of 200 nm – 1.5 µm in width and several microns in length were often
observed. Crystals were not observed for 12-4 2MO by TEM but on visual inspection the
solution contained crystals. Probably, the crystals were too large and flowed off the grid
during the blotting process. Figures 3.8 shows types of aggregates as observed by TEM in
aqueous solutions of C20Me6 2MO, 12-4-12 2MO, and 12-12-12 2MO, respectively. In a
sample taken from an aqueous solution of C20Me6 2MO different types of aggregates were
observed: spherical vesicles of 30 – 500 nm in diameter, long wormlike vesicular structures
of 30 – 500 nm in diameter and several microns in length, and sheets of several microns in
width and length (Figure 3.8, top left). Sometimes, the tubular vesicular structures were
wrapped around spherical vesicles. Surprisingly, vesicles were also formed in an aqueous
solution of 12-4-12 2MO (Figure 3.8, top right) and in an aqueous solution of 10p-4-p10 2MO.
In addition, crystals were observed. Both compounds failed to show myelin formation. Also
a transition in the DSC enthalpogram was absent for both compounds. Interestingly, vesicles
were observed in an aqueous solution of 12-12-12 2MO although the electron micrographs
were dominated by sheets and crystals (Figure 3.8, bottom left). Formation of myelins for 12-
12-12 2MO was not observed in phase penetration experiments. Indeed, myelin formation is
not an absolute prerequisite for vesicle formation.38 The dependence of the solution behavior
of 12-s-12 2MO surfactants on s as observed in phase penetration experiments was not found
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for the aggregation behavior of these surfactants in dilute aqueous solution. Vesicle
formation was observed for each of the 12-s-12 2MO salts in aqueous solution.
Figure 3.8 Negatively stained electron
micrographs of C20Me6 2MO (top left), 12-4-12
2MO (top right), and 12-12-12 2MO (bottom
left) in aqueous solution. The bar represents 500
nm.
3.5.3 Aqueous mixtures of dicationic surfactants and dyes
The morphology of aggregates formed in aqueous mixtures of dicationic surfactants and
MO was also studied by TEM. In this case, the solutions were prepared by mixing aqueous
solutions of surfactants and dyes in a 1:2 molar ratio. Note that the solutions contained an
equimolar amount of NaBr. The surfactant concentration was 0.6 mM whereas the MO
concentration was 1.2 mM. Aqueous solutions of surfactants and dyes were only stable for
several hours after which precipitation occurred. However, aqueous solutions containing 12-
4 and MO were stable for ca. 5 days. Samples taken from aqueous mixtures of 12-s-12
geminis and MO showed the formation of spherical vesicles and crystals. Both types of
aggregates showed a rather large size distribution similar to that observed for surfactant-dye
salts. An aqueous solution of 10p-4-p10 and MO contained vesicles ranging in diameter
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from 300 nm – 1.5 µm. Aqueous mixtures of 12-4 and MO show spherical vesicles of 30 nm –
1 µm in diameter and wormlike vesicular structures of 50 – 100 nm in diameter and several
microns in length. Figure 3.9 (left) shows a negatively stained electron micrograph of
aggregates formed in an aqueous solution of 12-4 and MO in a mixing ratio of 1:2. Whereas
an aqueous solution of C20Me6 2MO displayed different types of vesicular structures,
spherical vesicles of 100 nm – 1 µm in diameter were observed in an aqueous mixture of
C20Me6 and MO (1:2). In addition, crystals of 500 nm – 1 µm in width and of several microns
in length were identified in aqueous mixtures of the bolaform amphiphile and MO. Types of
aggregates formed in aqueous solutions of surfactant-dye salts and their dimensions are
similar to those formed in aqueous mixtures of surfactants and MO for 12-4-12 2MO and 12-
8-12 2MO. Figure 3.9 (right) shows vesicles and crystals formed in an aqueous mixture of 12-
8-12 and MO in a mixing ratio of 2:1. Vesicles and crystals were formed in aqueous solutions
of 10p-4-p10 2MO and 12-4 2MO whereas only vesicular structures were present in aqueous
mixtures of 10p-4-p10 and 12-4 and MO. However, 10p-4-p10 2MO crystallized a few hours
after mixing whereas precipitation took several days in the case of an aqueous solution of
12-4 and MO.
Figure 3.9 Negatively stained electron micrographs of aqueous mixtures of 12-4 and MO (left) and 12-
8-12 and MO (right). The bar represents 1 µm. Surfactants and dyes were mixed in a 1:2 ratio.
3.6 Counter ion-induced morphology changes
The preferred morphology of the aggregate of the studied surfactants changed from micelles
to vesicular structures in the presence of hydrophobic MO counter ions. Apparently, the
shape of the surfactant molecules changed from conical for n-alkyltrimethylammonium
bromides and the dicationic surfactants with bromide counter ions to cylindrical when the
counter ion of n-alkyltrimethylammonium and the studied dicationic surfactants is MO. The
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effective head group area decreased due to electrostatic interactions of cationic surfactant
head groups and the anionic counter ions whereas the volume of the apolar part increased.
This corresponds to an increase in P, which relates the shape of the surfactant to the






V is the volume of the hydrocarbon part of the surfactant, l its alkyl chain length, and a0 the
mean cross-sectional head group surface area. Surfactants with 0<P<1/3 form micelles in
aqueous solution, 1/3<P<1/2 indicates the formation of wormlike micelles whereas
surfactants with 1/2<P<1 display vesicle formation.39
Counter ion-induced morphology changes for conventional surfactants from
spherical to wormlike micelles are well known.2,40 For example, aromatics induce the
formation of wormlike micelles from spherical micelles in aqueous solutions of n-
alkyltrimethylammonium bromides. Morphology changes from spherical micelles to
vesicles as induced by counter ions have also been studied, although less extensively.3,4
Addition of oppositely charged surfactants usually leads to the formation of bilayer
structures.9 Therefore, it is tempting to describe CnTA-azo dye and dicationic surfactant-
2MO salts as catanionic surfactants. A characteristic of catanionic surfactants is the
formation of vesicles in binary mixtures whereas micelles are formed in aqueous solutions of
the separate surfactants.9 However, azo dyes are hydrotropes rather than surfactants since
they lack surfactant properties like effective lowering of the surface tension and a well-
defined critical aggregation concentration.41 Nevertheless, azo dyes like MO induce the
formation of vesicles when mixed with oppositely charged surfactants in aqueous solution
analogous to catanionic surfactants. However, we contend that the dye molecules should be
seen as hydrophobic counter ions.
Aggregation of gemini and bolaform surfactants with hydrophobic counter ions has
not been reported before. Moreover, this aggregation is one of the few examples of vesicle
formation in aqueous solutions of micelle-forming gemini and bolaform surfactants.
Formation of vesicles has been reported in aqueous solutions of an anionic gemini surfactant
and hexadecyltrimethylammonium bromide (C16TAB)42 and upon addition of hexanol to an
aqueous solution of gemini surfactant 12-2-12.43 On the other hand, mixed micelles of gemini
and monomeric surfactants have been extensively studied.44 Similar experiments on
bolaform and non-bolaform amphiphiles have been reported.45
3.7 Conclusions
Upon changing the counter ion from bromide to MO, EO, or pMR the morphology of
aggregates formed by n-alkyltrimethylammonium surfactants and dicationic surfactants
changes from micelles to vesicles. This change was indicated by phase penetration
experiments showing myelin formation and by TEM, which revealed the formation of
vesicles from surfactant-azo dye salts. Cacs of surfactant-dye salts as determined by
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conductometry and surface tension measurements show a dramatic decrease when
compared to the surfactants with halide counter ions. Krafft temperatures are sensitive to
small changes in the surfactant tail length as well as to structural changes in the dyes
although no clear relation between TK and surfactant alkyl tail length or dye structure was
observed. Krafft temperatures of gemini-2MO salts decrease upon increasing the spacer
length as a result of decreased counter ion binding upon increasing s.
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3.9 Experimental section
General remarks. 1H NMR spectra were measured at 200 or 300 MHz on a Varian Gemini-
200 or a Varian VXR-300 spectrophotometer, respectively. Elemental analyses were
performed by Jan Ebels, Harm Draaijer, and Jannes Hommes.
UV-vis spectroscopy. UV-vis absorption spectra were recorded as described in section 2.10.
Optical microscopy. Melting points were determined using either a Kofler hot-stage or a
Mettler FP 2 melting point apparatus equipped with a Mettler FP 21 microscope. Phase
penetration experiments were performed using an Olympus BX 60 polarization microscope
equipped with a Linkam THMS 600 hot stage.
Transmission Electron microscopy (TEM). Transmission electron micrographs were
obtained using a JEM 1200 EX electron microscope operating at 80 kV. Samples were
prepared on carbon-coated collodion grids and stained with uranyl acetate (UAc) or
phosphotungstic acid (PTA).
Differential Scanning Calorimetry (DSC). DSC measurements were performed on a Perkin
Elmer DSC-7 apparatus using stainless steel pans. The reference cell contained an empty
pan. Heating and cooling scans were run with scan rates of 3 Celsius min-1.
Surface tension experiments. Critical aggregation concentrations (cacs) were determined by
drop tensiometry using a Lauda TVT1 drop tensiometer. Details are given in Section 2.10.
Conductivity experiments. Critical aggregation concentrations as determined by
conductivity were obtained using a Wayne-Kerr Autobalance Bridge B642 fitted with a
Philips electrode PW 9512101 having a cell constant of 0.71 cm-1. Solutions in the
conductivity cell were stirred magnetically and thermostatted at the desired temperature.
Concentrations were corrected for volume changes.
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Surfactant-dye salts. Surfactant-dye salts were obtained by isolating precipitates formed in
aqueous solutions of surfactants and dyes. CnTA-azo dye salts were prepared by adding an
equimolar amount of the aqueous dye solution to an aqueous surfactant solution. The final
concentration of the surfactant was lower than the surfactants’ cmc. Solutions were left to
stand for a few days after which the suspensions were centrifuged. The major part of the
supernatant was pipetted off the fine precipitate. Crystalline surfactant-dye salts were
obtained by suction. To prepare dicationic surfactant-2MO salts, typically 40 mL of a 1.2 mM
aqueous solution of MO was added to 40 mL of an aqueous solution containing 0.6 mM of
surfactant at 60oC. Solutions were cooled to room temperature and crystals were isolated by
suction. Purities of surfactant-MO salts were checked using 1H NMR spectroscopy. As
indicated by this technique, the ratio of surfactant to dye was 1:1 for CnTA-azo dye salts and
1:2 in the case of dicationic surfactants in the presence of MO, which was to be expected on
the basis of the charges of surfactants and dyes.
CnTA-dye salts. Melting points of CnTA-dye salts are shown in Table 3.1. 1H signals in NMR
spectra of CnTA-azo dye salts are similar within each series of surfactants with similar dyes
as the counter ions but the integrated signal from the CH2 groups of the surfactant alkyl
chain differ. 1H NMR data of one of the salts are given as an example for each series.
C12TA-MO. 1H NMR (300MHz, CDCl3) δ 0.85 (t, 3H, CH3), 1.22 (m, 18H, CH2 alkyl chain),
1.64 (m, 2H, CH2), 3.09 (s, 6H, N(CH3)2), 3.33 (s, 9H, N+(CH3)3), 3.40 (m, 2H, CH2), 7.83 (d,
2H, CH ar), 7.85 (m, 4H, CH ar), 7.99 (d, 2H, CH ar).
C18TA-pMR. 1H NMR (300MHz, CDCl3) δ 0.87 (t, 3H, CH3), 1.22 (m, 30H, CH2 alkyl chain),
1.64 (m, 2H, CH2), 3.08 (s, 6H, N(CH3)2), 3.29 (m, 11H, N+(CH3)3 and N+CH2), 6.74 (d, 2H, CH
ar), 7.83 (m, 4H, CH ar), 8.17 (d, 2H, CH ar).
C14TA-EO. 1H NMR (300MHz, CDCl3) δ 0.87 (t, 3H, CH3), 1.23 (m, 28H, CH2 alkyl chain and
CH3 (EO)), 1.65 (m, 2H, CH2), 3.32-3.48 (m, 15H, N(CH2CH3)2, N+(CH3)3, N+-CH2), 6.71 (d,
2H, CH ar), 7.83 (m, 4H, CH ar), 7.97 (d, 2H, CH ar).
C16TA-MO. The precipitate formed from a solution of C16TAB and MO was analyzed. For
the 1:1 adduct, C33H56N4SO3 (588.89), we find: calcd. C 67.31, H 9.58, N 9.51, S 5.44; found C
66.91, H 9.44, N 9.42, S 5.11.
12-s-12 2MO salts. Melting points of dicationic surfactant-2MO salts are shown in Table 3.2.
12-4-12 2MO. 1H NMR (300MHz, DMSO, 50oC) δ 0.89 (t, 6H, CH3), 1.31 (m, 36H, CH2 alkyl
chain), 1.72 (m, 4H, CH2), 2.71 (s, 12H, N(CH3)2), 3.04 (s, 18H, N+(CH3)3), 3.28 (m, 4H, CH2),
6.86 (d, 4H, CH ar), 7.68-7.84 (m, 12H, CH ar).
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1H NMR data for 12-8-12 2MO and 12-12-12 2MO are similar but differ in integration
of the signal at 1.31 ppm which is larger due to the presence of additional CH2 groups in the
spacer.
10p-4-p10 2MO. 1H NMR (300MHz, CD3OD) δ 0.77 (t, 6H, CH3), 1.18 (m, 14H, CH2 alkyl
tails), 1.57 (m, 4H, CH2), 1.96 (m, 4H, CH2 spacer), 2.76 (t, 4H, CH2), 2.99 (s, 12H, N(CH3)2),
4.48 (m, 4H, N+(CH2)), 6.76 (d, 4H, CH ar), 7.68-7.81 (m, 14H, CH ar), 8.66 (d, 4H, CH ar).
C20Me6 2MO. 1H NMR (300MHz, DMSO, 50oC) δ 1.31 (m, 32H, (CH2)16), 1.73 (m, 4H, CH2),
3.08 (s, 12H, N(CH3)2), 3.24 (m, 22H, N+(CH3)3 and N+CH2), 6.86 (d, 4H, ar), 7.74 (d, 8H, CH
ar), 7.81 (d, 4H, CH ar).
12-4 2MO. 1H NMR (300MHz, CD3OD) δ 0.87 (3H, t, CH3), 1.27 (m, 18H, CH2 alkyl chain),
1.72 (m, 2H, CH2), 1.83 (m, 4H, CH2), 3.22-3.46 (m, 4H, CH2N+), 3.06 (s, 6H, N(CH3)2), 6.83 (d,
2H, CH ar), 7.84 (m, 4H, CH ar), 7.93 (d, 2H, CH ar).
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Aggregation of an Azobenzene-Labeled Anionic Amphiphile
with Cationic Amphiphiles in Aqueous SolutionI
Interactions between an azobenzene-containing amphiphile methyl octyl orange (MOO, Scheme 4.1)
and n-alkyltrimethylammonium bromides (CnTAB, n = 1, 6, 8, 10, 12, 16) in aqueous solution have
been studied using UV-vis spectroscopy. Interactions occurred at concentrations below the cmc of the
individual cationic surfactants as indicated by a ca. 80 nm blue shift of the main absorption band of
MOO. In addition, aggregation of MOO with C6TAB, which is a hydrotrope rather than a surfactant,
was also observed. The critical aggregation concentration of MOO determined by surface tension
experiments was 0.68 mM. The cacs of aqueous mixtures of CnTAB and MOO (1:1) were
considerably lower than those of the individual surfactants. The absorption spectrum of MOO at
concentrations above the cac in the mixtures was also blue shifted with respect to the absorption
spectrum of MOO in aqueous solution. Aggregates formed in equimolar aqueous mixtures of CnTAB
and MOO were characterized by means of cryo and negative staining transmission electron
microscopy (TEM). Vesicles are small and range in diameter from 8-15 nm whereas some vesicles
having a diameter between 30 and 80 nm were also observed. Vesicle size distributions were
confirmed using dynamic light scattering. Micelles were formed in a 1:1 aqueous mixture of C6TAB
and MOO. Vesicle sizes decreased upon increasing the chain mismatch and upon further increasing
the chain mismatch, vesicles transformed into micelles.
4.1 Introduction
Aggregation of surfactants and azo dyes in aqueous solution has been extensively
investigated. The properties of methyl orange (MO) have attracted attention in this
respect.1,2,3,4,5,6 Surfactant-MO interactions occur at concentrations far below the cmcs of the
surfactants and are characterized by a blue shift of the main absorption band of the dye. Dye
aggregation in a parallel fashion (H-aggregation) has been used to account for the spectral
changes at low surfactant concentrations.1,5 Dilution of the dyes over micelles occurs upon
increasing the surfactant concentration and, under these conditions, the spectrum of the dye
shifts to that of the dye in an organic environment.
Previous chapters have reported a study of the interactions of surfactants with dyes
as a function of the chemical structure of both components. At the investigated
concentration ranges the dyes only show little tendency to aggregate. However, dye
aggregation is induced upon addition of oppositely charged surfactants. This chapter
reports on interactions between an azobenzene-containing anionic amphiphile methyl octyl
I Manuscript in preparation.
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orange (MOO, Scheme 4.1) and cationic n-alkyltrimethylammonium bromide amphiphiles
(CnTAB, where n is the number of carbons in the alkyl chain) in aqueous solution. In
addition, aggregation of short chain CnTABs (n = 1, 6) with MOO in aqueous solution was
investigated. The chromophore of MOO is structurally similar to that of MO but the C8 alkyl
tail imparts MOO with surfactant properties. It was anticipated that an increase in
hydrophobicity of the dye might result in interactions of MOO with CnTABs with shorter
alkyl tails than in the case of MO (see Chapter 2). Aggregation was followed by UV-vis
spectroscopy and the types of aggregates formed in aqueous solution were characterized by
cryo and negative staining transmission electron microscopy (TEM). Aggregate sizes were
also determined using dynamic light scattering. Critical aggregation concentrations were
determined using surface tension and conductivity experiments.
N
n-C8H17
CH3 N SO3- Na+
N
Scheme 4.1 Structure of MOO.
4.1.1 Aggregation of azobenzene-labeled amphiphiles in aqueous solution
Aggregation of amphiphiles containing chromophoric units like
azobenzene,7,8,9,10,11,12,13,14,15,16,17,18,19,20 stilbene,17,19,20,21 diphenylazomethine,13,22,23,24 phenyl,20,25
biphenyl,20,13,19,24,25 terphenyl,20,25 diphenylacetylene,26 and styrylthiophene20,27 has been
widely studied. In view of the extensive literature on chromophore-labeled amphiphiles,
this section will only summarize the results of studies performed on azobenzene-containing
amphiphiles.
Aggregation of a series of single-tailed amphiphiles CnazoCmN+ (Scheme 4.2) was











Scheme 4.2 Structure of surfactants CnazoCmN+.12,14,28,29
The surfactants form bilayer structures when n=12 irrespective of the spacer length.12,14
Azobenzene-labeled surfactants (X = CH2CH2OH) also form vesicles for the following
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combinations of n and m: n=8, m=10 and for n=10 and m=5, 6, 8.12 Vesicles formed by
azobenzene-containing dimethylhydroxyethylammonium surfactants (X = CH2CH2OH) are
more stable than those formed by azobenzene-containing trimethylammonium surfactants
(X=CH3). The molecular orientations of the surfactants in the bilayer are determined by the
combination of tail and spacer lengths.12,28,29 Typical examples involve the combination n=12
and m=5 which forms a tilted bilayer whereas surfactants C8azoC10N+ form an interdigitated
bilayer in which the chromophores are in a parallel arrangement. These types of bilayer
packing are illustrated in Figure 4.1. The different chromophore orientations are also
reflected by changes in the UV-vis absorption spectra of the azobenzene units.12,28,29
Aggregation in a parallel orientation is indicated by a blue shift of the absorption maximum
whereas the tilted arrangement is characterized by a red shift of the absorption maximum of
the chromophore. These shifts agree with shifts predicted by the molecular exciton model.30
Fluorescence occurs when the chromophores are in a tilted orientation (J-aggregation)
consistent with the exciton model.11
Mixing of lipids of bilayers consisting of azobenzene-labeled surfactants and of
bilayers formed from dialkyldimethylammonium surfactants only occurs above the gel-to-
liquid crystalline phase transition temperature for bilayers formed from the chromophore-
labeled surfactant. Further, phase separation in mixed bilayers is temperature dependent.14
Figure 4.1 Schematic representations of a tilted (left) and interdigitated (right) bilayer, which are
consistent with a red shift (J-aggregation) and a blue shift (H-aggregation) of the absorption band of
the chromophores, respectively.
Aggregation of azobenzene-derivatized phosphatidylcholines (Scheme 4.3) was
studied as a function of the position of the azobenzene unit in the alkyl tail.7,8,17,20 The
compounds did not form vesicles when dispersed in aqueous solution; instead aggregate
morphologies such as sheets and fibers were observed.8 However, upon mixing the
mesogenic lipids with dimyristoyl phosphatidyl choline (DMPC) or dipalmitoyl
phosphatidylcholine (DPPC), vesicles were formed in aqueous solution.8 Also (partial)
isomerization of the azobenzene unit from the trans to the cis configuration can induce the
formation of vesicles.8
Vesicles formed by mixing azobenzene-labeled phospholipids with either DMPC or
DPPC can entrap fluorescent dyes, which can be released in a controlled way by
photoisomerization of the azobenzenes.8 Monte Carlo simulations show that the aromatic
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units are in a herringbone arrangement corresponding to an H-aggregate.7,8 This conclusion
agrees with the observed blue shift of the absorption maximum of the chromophores upon
aggregation.
Chirality of the head group induces a chiral packing of amphiphiles in bilayers,
which induces circular dichroism (CD). The CD signal is lost upon isomerization of
azobenzene units.7,8,17 Phase transition temperatures increase upon moving the chromophore
along the alkyl tail away from the head group reflecting an increase in packing efficiency of
the tails when the chromophores are farther away from the head group. Phase transition
temperatures are higher than those of bilayers formed from DMPC, which has a tail length


















n = x = 7; m = y = 0
n = x = 3; m = y = 4
n = x = 1; m = y = 6
x = 7; y = 0; n = 1; m = 6
Scheme 4.3 Structure of azobenzene-containing phosphatidylcholines.8
Single-tailed ammonium surfactants (R = CH3, X = NO2, Scheme 4.4) form micelles in
aqueous solution whereas double-tailed ammonium amphiphiles (R = C12H25, X = H, F, CN,
NO2, OCH3, N=NPh) form vesicles when dispersed in aqueous solution.10,18,19,33 Aggregation
produces a blue shift of the absorption maximum of the chromophore indicating that the
azobenzenes are arranged in a parallel fashion.19 Phase transition temperatures of the
bilayers largely depend on the type of substituent in the 4’ position of the azobenzene unit
but no correlation is found with the net dipole moment of the mesogenic units (originating
from the difference in electronegativity of the different substituents).10 Rather, differences in
dispersion forces are thought to be responsible controlling the change from the gel state to
the liquid-crystalline state of the bilayer.
X
R = C12H25; X = H, F, NO2, CN, OCH3, N NPh
R = CH3; X = H
N O CnH2nN+(CH3)3R Br-
N
Scheme 4.4 Structure of azobenzene-labeled ammonium amphiphiles.10,19
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Double-tailed azobenzene-containing surfactants (R = C12H25) form vesicles in
aqueous solution.18 The orientation of the tail in the bilayer is either tilted or extended and
depends on the substituents in the azobenzene unit. The lipids form monolayers at an air-
water interface. The net dipole moment of the chromophore-containing surfactants has little
effect on the monolayer surface potential.
Triple-chained ammonium amphiphiles containing terminal 4’-substituted
azobenzene units also form monolayers at the air-water interface.31 The substituent in the 4’
position has a profound influence on the properties of the monolayer. Interestingly, two
plateaus are observed in the lateral pressure vs. molecular area isotherms. This pattern was
explained by selective repulsion of one of the alkyl tails from the interface. At the second
plateau value it is expected that the two other tails are also repelled from the interface.
Ionic chromophore-labeled surfactants aggregate with oppositely charged
polyelectrolytes in aqueous solution.32,33 Usually, this aggregation leads to stabilization of
the liquid crystalline phase with respect to that formed from the pure mesogenic compound.
The orientations of azobenzene units in chromophore-containing amphiphiles can be
conveniently studied using monolayers.34 The packing mode (for example H- or J-
aggregation) strongly depends on the nature of the amphiphile.
4.1.2 Aggregation of azobenzene-labeled amphiphiles and oppositely charged
amphiphiles in aqueous solution
Aqueous mixtures of azobenzene-labeled surfactants and oppositely charged surfactants
(Scheme 4.5) form vesicles analogous to the formation of vesicles from mixtures of cationic
and anionic surfactants.9,35
C12H25OSO3-











Scheme 4.5 Combinations of cationic azobenzene-labeled surfactants and anionic surfactants X-Cn-
DS (top)35 and AZTMA-DBS (bottom)9 that form vesicles in aqueous solution.
Vesicle formation is indicated by a blue shift of the absorption maximum of azobenzene
units reflecting interaction of the chromophores.35 Thermotropic phase behavior of
azobenzene-containing amphiphiles (X-Cn-DS) differs from that of mesogenic surfactants.
For example, smectic A phases are observed for each combination whereas only individual
chromophore-containing surfactants with electron withdrawing substituents form smectic A
mesophases. However, temperature ranges over which smectic A phases occur are usually
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smaller for the catanionic surfactant than those for the individual mesogenic surfactants. In
case of chromophore-containing amphiphiles, the formation and disruption of vesicles can
be controlled by photochemical isomerization of the azo unit.9 The vesicles are able to
encapsulate water-soluble compounds that are released upon isomerization of the
azobenzene unit.9
4.2 Interactions of n-alkyltrimethylammonium bromides and MOO at low
concentrations in aqueous solution
MOO is a micropolarity reporter molecule since its long wavelength absorption band is
sensitive to medium effects. In water, the wavelength of maximum absorption (λmax) of
MOO is at 472 nm, whereas λmax is 431 nm and 427 nm in methanol and ethanol, respectively
(Figure 4.2). The extinction coefficient of MOO in aqueous solution is 3.1×103 m2 mol-1 which
is similar to that of other azo dyes.36 Azo dyes are often used to report the presence of
surfactant aggregates in aqueous solution.37 Upon binding to surfactant assemblies, a shift of
the absorption maximum of the dye is observed similar to that in organic environment.














Figure 4.2 Absorption spectra of MOO in different solvents, [MOO] = 20 µM, T = 30oC.
Interactions have been studied of n-alkyltrimethylammonium bromides (CnTAB)
with MOO in aqueous solution using UV-vis spectroscopy. Experiments used a MOO
concentration of 25 µM, which is well below its cmc of 0.68 mM (see section 4.3). Figure 4.3
shows the effect of different concentrations of C16TAB on the absorption spectrum of MOO.
The intensity of the 472 nm absorption band characteristic for MOO in aqueous solution
decreases upon addition of small amounts of C16TAB. Further addition of surfactant
produces a new band with a maximum at ca. 392 nm. This band is replaced by a band with a
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maximum around 415 nm at higher surfactant concentrations; the band is characteristic for
MOO bound to cationic micelles. The new band around 392 nm appears in the absorption
spectrum of MOO at surfactant concentrations smaller than the cmc analogous to the short
wavelength absorption band as observed before in studies on the interactions of cationic
amphiphiles with MO, EO, and pMR2,3,4,5,6 (Chapter 2).
















Figure 4.3 Effect of C16TAB on the absorption spectrum of MOO, [C16TAB] (M): (1) 0, (2) 5×10-6,
(3) 50×10-6, (4) 0.23×10-3, (5) 4.5 ×10-3. [MOO] = 25 µM; T = 30oC.
In addition to C16TAB, interactions of CnTABs having shorter alkyl tails with MOO
have been investigated using absorption spectroscopy. Figure 4.4 shows the effect of CnTAB
(n = 1, 6, 10, 16) on the wavelength of maximum absorption of MOO. For clarity, data for
C8TAB and C12TAB are not shown although these surfactants have an effect on the
absorption spectrum of MOO similar to that observed for other CnTABs. All CnTABs (n ≥ 6)
interact with MOO at low CnTAB concentration as reflected by the short wavelength
absorption band, which appears at low n-alkyltrimethylammonium bromide concentrations.
Again, upon increasing the CnTAB concentration, the short wavelength absorption band
gradually disappears and the position of the wavelength of maximum absorption shifts to
longer wavelengths. Aggregation of MO and cationic surfactants having an alkyl tail shorter
than 12 carbon atoms does not occur at a MO concentration of 25 µM. The fact that the short
wavelength absorption band is observed in the absorption spectrum of MOO upon addition




Wavelengths of maximum absorption of MOO at low (concentration < cmc) and at
high cationic surfactant concentrations (concentration > cmc) are shown in Table 4.1. In the
case of C6TAB and C1TAB these numbers correspond to the plateau values of λmax at low and
at high CnTAB concentration (see Figure 4.4). The absorption maximum at high surfactant
concentrations shifts to longer wavelengths upon decreasing n. This indicates that the
polarity of the microenvironment of MOO in CnTAB aggregates increases with a decrease in
n.
The short wavelength absorption band is at 394 ± 2 nm for the compounds C6TAB to
C16TAB. Although C6TAB is not a surfactant molecule, it does show indications of
aggregation above a concentration of 0.5 molal.38 C6TAB might show aggregation behavior
analogous to hydrotropes, which are believed to form loosely packed structures with small
aggregation numbers in aqueous solution.39 Apparently MOO sits in a relatively aqueous
environment in these aggregates confirming the open structures of the assemblies.













Figure 4.4 Effect of CnTAB on the position of the absorption maximum of MOO, (♦) C16TAB, (◊)
C10TAB, (■) C6TAB, (□) C1TAB. [MOO] = 25 µM; T = 30oC.
The wavelength for maximum absorption of MOO upon addition of small
concentrations of C1TAB shows a small blue shift from 472 nm in aqueous solution to ca. 450
nm upon addition of small amounts of C1TAB. Apparently, reduction of electrostatic
interactions between ionic head groups of MOO is sufficient to induce aggregation of MOO,
associated with the appearance of an absorption band at 450 nm. However, the small
decrease of λmax indicates that aggregation is not as efficient as in the case of CnTABs with
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longer alkyl tails. This explanation is confirmed by the fact that inorganic salts like sodium
bromide and ammonium bromide also induce the short wavelength absorption band in the
spectrum of MOO. NaBr induces the blue shift at a concentration as high as 5 M whereas
NH4Br does so already at 100 mM. The short wavelength absorption band of MOO upon
addition of organic salts is ca. 390 nm.
The short wavelength absorption band is attributed to surfactant-assisted dye
aggregation. The blue shifted absorption band upon aggregation of chromophore-containing
surfactants has been observed in many cases and attributed to dye aggregation in an H-
manner.7,8,11,12,14 X-ray diffraction on a cast film of azobenzene-containing amphiphiles
showing a blue shifted absorption band indeed revealed aggregation of chromophores in a
parallel fashion.12 A detailed examination of this topic is given in section 2.7.
Table 4.1 Position of the absorption maximum of MOO in aqueous solutions of CnTAB at low
and at high CnTAB concentration.










4.3 Aggregation behavior of MOO
MOO is only slightly soluble in aqueous solution at room temperature; the solubility shows
a dramatic increase with an increase in temperature. Consequently, MOO has a Krafft
temperature (TK), which is the temperature at which the solubility of the surfactant equals
the cmc.40 Krafft temperatures can be determined by DSC experiments, since the Krafft point
corresponds to an endothermic transition in the DSC enthalpogram. TK of MOO was found
to be 44.1oC as determined by DSC.
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Figure 4.5 Surface tension plot of MOO. T = 46oC.
Figure 4.5 shows the surface tension plot of MOO at 46oC. The cmc of MOO
corresponds to the break in the plot and equals 0.68 mM. This concentration is slightly
higher than that of sodium 4-(4’-octylphenylazo)benzenesulfonate (Scheme 4.6), which has a
cmc of 0.43 mM.15 The difference is attributed to the presence of the relatively polar
nitrogen atom that connects the alkyl group
to the azobenzene part in MOO. Apparently,
this effect is larger than the effect of
increased hydrophobicity of the alkyl part of
MOO due to the additional CH3 substituent.
The cross-sectional area of MOO at the air-
water interface (as),41 calculated from the
Gibbs adsorption isotherm,42 is 87Å2. Also
this area is larger than that for sodium 4-(4’-octylphenylazo)benzenesulfonate (as=76.0 Å2)
indicating a decreased packing efficiency of MOO at the air-water interface compared to
sodium 4-(4’-octylphenylazo)benzenesulfonate. This conclusion is supported by surface
tensions at the cmc (γcmc) of both compounds: 40.1 mNm-1 for the latter and 49.8 mNm-1 for
MOO. Although the C12 analogue of MOO is claimed to form vesicles in aqueous solution,
MOO is thought to form micelles. There is no electron microscopic evidence for vesicle
formation. Moreover, the structurally similar sodium 4-(4’-octylphenylazo)benzenesulfonate




Scheme 4.6 Structure of 4-(4’-
octylphenylazo)benzenesulfonate.15
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4.4 Aggregation behavior of mixtures of n-alkyltrimethylammonium bromides and
MOO: surface tension experiments
Cacs of equimolar aqueous mixtures of CnTAB (n = 6, 8, 10) and MOO were determined by
drop tensiometry. Figure 4.6 shows surface tension plots for equimolar mixtures of (a)
C10TAB and MOO and (b) C6TAB and MOO. The cac of a 1:1 aqueous mixture of C6TAB and
MOO is 145 is µM; that of an aqueous mixture of C10TAB and MOO is 49 µM. Cacs of
mixtures are dramatically lower than those of the individual components. For example, the
cac of C10TAB is 60.2 mM43 and that of MOO is 0.68 mM. A dramatic lowering of the cac in a
mixture of cationic and anionic surfactants is commonly observed and is mainly caused by
electrostatic attraction of the oppositely charged head groups.44 A lowered surface tension of
the mixture compared to that of the individual surfactants could be explained by increased
surface activity of the electroneutral catanionic surfactant.45,46,47 The cac of an aqueous
mixtures of C8TAB and MOO is 81 µM (plot not shown).
A plot of the logarithm of the cac against the number of carbon atoms in the CnTAB
alkyl tail shows approximately a linear increase upon increasing n although the number of
data points (3) is rather small. Unfortunately, areas of the surfactants at the air-water
interface cannot be exactly determined since the Gibbs adsorption isotherm42 cannot be
applied: the isotherm can only be used when dealing with 1:1 electrolytes or when excess
salt is present. However, the slopes of surface tension plots before the cacs increase upon
increasing n. Since the area of the surfactant at the air-water interface is proportional to the
slope-1, this pattern indicates that the cross-sectional areas of surfactants at the air-water
interface decrease upon increasing n.
Figure 4.7 shows normalized absorption spectra of MOO in an aqueous solution of
C10TAB (1:1) at surfactant concentrations below and above the cac. Clearly, absorption
spectra of MOO are blue shifted at concentrations above the cac (49 µM) compared to that
below the cac. The position of the blue shifted absorption band is similar to that at low (25
µM) MOO concentrations (Figure 4.4). Also in this case, dye aggregation is responsible for
the short wavelength absorption band. N-decyltrimethylammonium-methyl orange (C10TA-
MO) forms vesicles at a concentration of 0.84 mM. Also in this case the absorption spectrum
of the dye showed a blue shift when aggregates were formed (Chapter 3).
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Figure 4.6 Surface tension plots of 1:1 aqueous mixtures of C10TAB and MOO (•) and of C6TAB and
MOO (■). T = 30oC.










Figure 4.7 Absorption spectra of MOO in 1:1 mixtures with C10TAB at concentrations below and
above the cac. Absorption spectra of MOO in an aqueous solution of C10TAB. [C10TAB]=[MOO]/µM:
(1) 0, (2) 20, (3) 50, (4) 500. T = 30oC.






cac = 145 µM
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4.5 Aggregation behavior of mixtures of n-alkyltrimethylammonium bromides and
MOO: TEM
Aggregates formed in aqueous solutions of MOO and CnTAB (n = 1, 6, 8, 10, 12, 16)
were characterized with TEM using the cryo and negative staining techniques. Cryo TEM
was performed to visualize aggregates formed from 1:1 aqueous mixtures of CnTAB (n = 6,
8, 10) and MOO.
Figure 4.8 Cryo electron micrographs of
micelles formed in an aqueous mixture of 5 mM
of C6TAB and 5 mM of MOO (top left), vesicles
formed in an aqueous mixture of 9 mM of
C8TAB and 9 mM of MOO (top right) and
vesicles formed in an aqueous mixture of 9 mM
of C10TAB and 9 mM of MOO (bottom left).
Each bar represents 100 nm.
Spheroidal micelles were observed in aqueous solutions of C6TAB and MOO whereas
aqueous solutions of C8TAB and MOO and aqueous mixtures of C10TAB and MOO
displayed vesicle formation. The vesicles are small: the average diameter, estimated from
cryo TEM pictures, is 8–12 nm. Some larger vesicles ranging in diameter from 20 nm – 70 nm
have been observed although the number density of those larger vesicles is much smaller
than that of the small vesicles. Figure 4.8 shows cryo electron micrographs of aggregates
formed in aqueous mixtures of CnTAB (n = 6, 8, 10) and MOO. Formation of vesicles in
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CnTAB/MOO aqueous mixtures when n ≥ 8 and the formation of micelles in the mixtures
for n = 6 are consistent with the increase in area of surfactants at the air-water interface as
observed in surface tension experiments
Equimolar aqueous mixtures of CnTAB (n = 8, 10, 12, 16, 18) and MOO are found to
form vesicles ranging in diameter from 25 nm – 1 µm as observed by negative staining TEM.
Similar to cryo TEM experiments, small vesicles (10–20 nm) are also observed in aqueous
mixtures of C8TAB and MOO and in aqueous mixtures of C10TAB and MOO. In addition,
large clumps are observed. Probably, vesicles aggregate or fuse under the influence of the
staining agent. Vesicles observed in 1:1 aqueous mixtures of C12TAB, C16TAB and C18TAB
and MOO range in diameter from 25 nm to 200 nm. Large vesicles ranging in diameter from
400 nm to 700 nm are also observed. Figure 4.9 shows vesicles formed in aqueous mixtures
of C12TAB and MOO and in aqueous mixtures of C16TAB and MOO.
Figure 4.9 Negative staining electron micrographs of vesicles formed in an aqueous mixture of 2 mM
of C12TAB and 2 mM of MOO (left) and vesicles formed in an aqueous mixture of 1 mM of C16TAB
and 1 mM of MOO (right). Bar represents 500 nm.
Size distributions of vesicles formed from CnTAB and MOO in aqueous solution
studied by dynamic light scattering (DLS) are presented in Table 4.2. Surfactant
concentrations are between 0.5 and 10 mM; size distributions are determined 1-2 hours after
mixing of both components. Vesicle size distributions are sometimes bimodal initially but
become unimodal after some time. This change is due to changes in local concentrations,
which are dependent on the mixing process.48 Vesicle sizes depend on the composition of
the bilayers where bilayer curvature decreases upon approaching equimolar composition.
Usually, methods involving poor mixing (for example addition of one surfactant solution to
the other without stirring) produce widely varying local compositions and concomitantly an
initial wide variation of vesicle sizes. A large variation in vesicle size distribution occurs
with slow mixing of aqueous solutions of the individual components, whereas uniform size
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distributions are obtained upon dispersion of the dry surfactants in water.48 Similar size
distributions are obtained upon aging of the vesicle solutions.
The mean diameters of CnTAB/MOO vesicles increase upon increasing the tail length
of CnTAB, which corresponds to a decrease in the mismatch of the lengths of the apolar parts
of MOO and CnTAB. As will be discussed later in this chapter, chain (mis)match has a large
influence on vesicle properties. The length of the apolar part of MOO is comparable to that
of C16TAB. Table 4.3 shows tail lengths of CnTAB as estimated from Tanford’s equation49 and
the length of the apolar part of MOO as indicated from geometry optimization by the ACD
program package50 using the ChemSketch LAB product. Chain match/mismatch for several
combinations of MOO and CnTAB are shown in Figure 4.10. Structures are obtained by
geometry optimization by the ACD program package50 using the ChemSketch LAB product.
Geometry optimization refers to “in vacuo” but the structures provide an indication of chain
asymmetry.
Table 4.2 Mean vesicle diameters as determined by DLS.
compound diameter/nm
C8TAB/MOO (5 mM)a 15.5 (4.7)b
C10TAB/MOO (9 mM) 12.9 (4.1)
C12TAB/MOO (5 mM) 24.6 (7.0)
C16TAB/MOO (2.5 mM) 59.0 (15.1)
C18TAB/MOO (0.5 mM) 84.1 (29.3)
aSurfactant concentrations are given in parentheses. bPeak width at half height in
parentheses.









aLength of apolar moiety.
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Aqueous mixtures of cationic and anionic surfactants (or catanionic surfactants)
usually form bilayer structures whereas micelles are formed by the separate
surfactants.46,47,4852,53 The vesicle solutions are not stable and crystallize after a few hours,
although sometimes they are stable for a few days. The stability decreases upon increasing
chain match and upon increasing surfactant concentration. Precipitation is commonly
observed in mixtures of cationic and anionic surfactants especially when either the mixing
ratio approaches 1:1 or the surfactant alkyl tails have equal length.52 Since vesicles are
formed without the input of mechanical energy the formation of vesicles from CnTAB and
MOO is an example of spontaneous vesicle formation.53 However, the vesicles cannot be
called equilibrium vesicles since the latter have to satisfy the following criteria: (1) they are
unilamellar and formed upon dispersing dry surfactants in aqueous solution without the
input of chemical or mechanical treatment (so they are formed spontaneously), (2) they do
not aggregate with time, (3) unilamellar vesicles are reformed when catanionic vesicles are
disrupted by any physical or chemical treatment. Since CnTAB/MOO vesicles crystallize
upon aging, requirement (2) is not fulfilled.
MOO C8TAB C10TAB C16TABC6TAB
Figure 4.10 Chain length (a)symmetry of MOO and CnTAB.
Formation of vesicles in aqueous mixtures of cationic and anionic surfactants has been
theoretically studied. The model proposed by Safran et al.54 is based on the spontaneous
curvature of the two monolayers, which construct the vesicles in surfactant mixtures.
Nonideal mixing of surfactants in monolayers results in equal but opposite spontaneous
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curvatures of the inner and outer bilayer leaflet. Therefore, the effective head group areas of
the surfactants in the inner and outer monolayer of the mixed surfactant vesicles have to
differ. This difference can be achieved in mixtures of cationic and anionic amphiphiles since
the complex of cationic and anionic surfactant has a smaller head group area than either
individual surfactant. By placing the surfactant with the largest head group area (either one
of the individual or uncomplexed surfactants) in the outer leaflet and the surfactant with the
smallest head group area (complex of cationic and anionic surfactant) in the inner leaflet, the
spontaneous curvatures of both bilayer leaflets can be adjusted in such a way to suit a
particular curvature of a vesicle.
However, the model that is based on curvature energy concepts cannot be applied to
small vesicles for which curvatures are quite pronounced. The molecular thermodynamic
theory developed by Yuet and Blankschstein55,56 describes the formation of vesicles from
mixtures of cationic and anionic surfactants. Only on the basis of the molecular structures of
surfactants and the solution conditions, vesicle size distribution, surface potential, surface
charge densities, and the compositions of both bilayer leaflets can be predicted. Thus, unlike
the curvature-elasticity approach, the molecular thermodynamic model takes into account
the nature of the aggregates. Both theories indicate that the distribution of surfactants over
both bilayer leaflets plays an essential role in minimizing the Gibbs energy of vesiculation.
The molecular thermodynamic model predicts that vesicles formed from asymmetric
chain surfactants are stabilized energetically. A characteristic is the formation of small
vesicles, which show a narrow size distribution. On the other hand, vesicles formed from
surfactants with equal tail lengths are stabilized entropically. The vesicles are large and
show a broad size distribution. Energetic stabilization indicates that the Gibbs energy of
vesiculation of a finite sized vesicle is smaller than that of a planar bilayer. The physical
interpretation of stabilization of vesicles formed from surfactants with asymmetric alkyl tail
lengths is as follows. Small vesicles (with large bilayer curvatures) can only be formed by
placing more molecules in the outer bilayer leaflet than in the inner leaflet. This indicates
that the outer leaflet contains more tails than the inner leaflet. This distribution causes steric
problems in the case of surfactants with equal tail lengths. However, when considering a
catanionic surfactant with asymmetric alkyl tail lengths, the short tail length surfactants can
cover the outer hydrocarbon/water interface without protruding deeply into the
hydrophobic region.
The energetic stabilization of vesicles formed from surfactants with unequal alkyl tail
lengths has also been calculated using statistical thermodynamics.57 When forming vesicles,
more of the long-chained surfactant is placed in the outer bilayer leaflet. Since the long tails
can fill the space left open by the short alkyl tails in the inner leaflet, interdigitation stabilizes
a curved bilayer through an energetically more favourable packing.
4.6 Conclusions
The interactions of an anionic micelle-forming azo dye methyl octyl orange (MOO) and
cationic n-alkyltrimethylammonium bromide (CnTAB) surfactants have been studied using
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UV-vis spectroscopy. Aggregation of CnTAB and MOO produces a new band in the
absorption spectrum of MOO which is ca. 80 nm blue shifted with respect to the absorption
band of a single MOO molecule in aqueous solution. Interactions occur at concentrations
below the cmc of the cationic surfactants and have been attributed to dye aggregation in a
parallel fashion (so-called H-aggregation). Aggregation of MOO is also induced by addition
of inorganic salts like sodium bromide and ammonium bromide.
The critical aggregation concentration of MOO as determined by surface tension
experiments is 0.68 mM. The aggregation behavior of equimolar aqueous mixtures of MOO
and CnTAB (n = 6, 8, 10, 12, 16, 18) was studied using surface tension experiments and
electron microscopy. Cacs of aqueous mixtures are dramatically lower than those of the
individual surfactants. Moreover, vesicles are formed in aqueous mixtures of MOO and
CnTAB when n ≥ 8 whereas micelles are formed in an equimolar aqueous mixture of C6TAB
and MOO. Vesicles formed in aqueous solutions of n-alkyltrimethylammonium bromides
and MOO with different lengths of the alkyl tails are small with narrow size distributions.
Vesicle sizes increase upon decreasing the alkyl tail asymmetry of CnTAB and MOO and the
size distributions become broader. The results are in agreement with theoretical studies on
mixtures of cationic and anionic surfactants.
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4.8 Experimental section
General remarks. N-methylaniline was purchased from Aldrich, n-octylbromide and 1-
butanol came from Acros, and sulphanilic acid dihydrate came from Merck. C1TAB
(Aldrich), C6TAB (Fluka), C8TAB (Acros), C10TAB (Lancaster), C12TAB (Sigma), and C16TAB
(Merck) were dried in vacuo before use. C1TAB and C6TAB were recrystallized from 80%
MeOH and EtOH, respectively. Diethyl ether was distilled from P2O5; water was distilled in
an all-quartz distillation unit. 1H NMR and 13C NMR spectra were measured at 200 or 300
MHz on a Varian Gemini-200 or a Varian VXR-300 MHz spectrophotometer, respectively.
N-methyl-N-octylaniline.58 The compound was synthesized according to a slightly
modified literature procedure.58 A mixture of 5.35 g (0.05 mol) of freshly distilled N-
methylaniline, 9.65 g (0.05 mol) of n-octylbromide, 6.9 g (0.05 mol) of potassium carbonate,
and 50 mg (0.3 mmol) of potassium iodide in 100 mL of 99% butanol was stirred at 110oC for
22 h. The reaction was performed under a nitrogen atmosphere. The mixture was allowed to
cool to room temperature, filtered and butanol was removed in vacuo. The residue was
dissolved in 100 mL of diethyl ether, extracted with water, and dried over sodium sulfate.
After removal of diethyl ether, the product was purified by vacuum distillation.
Subsequently, column chromatography (Al2O3 act. III neutral) was performed using hexane
as the eluent. N-methyl-N-octylaniline was obtained as a colorless oil in 49% yield (5.37g,
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24.5 mmol). 1H NMR (300 MHz, CD3OD) δ 0.85 (t, 3H, CH3), 1.25 (m, 10H, CH2), 1.52 (m, 2H,
CH2), 2.88 (d, 3H, CH3), 3.25 (t, 2H, CH2), 6.62 (m, 3H, ar), 7.18 (m, 2H, ar).
4-[4-(N-Methyl-N-octylamino)phenylazo]benzenesulphonic acid, sodium salt (methyl
octyl orange, MOO). The formation of methyl octyl orange from N-methyl-N-octylaniline
and sulphanilic acid was performed according to the synthesis of methyl orange.59 A
mixture of 2.0 g (11.8 mmol) of sulphanilic acid dihydrate and 0.5 g (4.7 mmol) of sodium
carbonate in 20 mL of water was heated until a clear solution was obtained. After cooling to
15oC, a solution of 0.88 g (13 mmol) of sodium nitrite in 2 mL of water was added drop wise.
The resulting yellow solution was cooled to 5oC using an ice bath. Next, 2 mL of
concentrated HCl was added drop wise in 20 min. During addition, the temperature was
kept below 10oC. A solution of 2.58 g (11.8 mmol) of N-methyl-N-octylaniline in 10 mL of
glacial acetic acid was added to the suspension of diazotized sulphanilic acid under
vigorous stirring. The resulting red-brown mixture was stirred for 5 hours at 5oC and left to
stand for 4 days at 5oC. After evaporation of the solvents, the resulting product was washed
with 75 mL of diethyl ether. The product was recrystallized twice from 96% ethanol, which
resulted in dark red crystals. The product was converted to its sodium salt by addition of an
equimolar amount of sodium ethanolate. Typically, 10 mL (2.3 mmol) of sodium ethanolate
(0.2641 mmol/g) was added to a suspension of 930 mg (2.3 mmol) of the acid form of methyl
octyl orange. MOO was obtained as orange-brown crystals in 46% yield (2.31g, 5.4 mmol)
after evaporation of the solvent and recrystallization from 90% methanol. 1H NMR (300
MHz, CD3OD) δ 0.85 (t, 3H, CH3), 1.32 (m, 10H, CH2), 1.62 (m, 2H, CH2), 3.30 (d, 3H, CH3),
3.46 (t, 2H, CH2), 6.80 (d, 2H, ar), 7.82 (m, 4H, ar), 7.92 (d, 2H, ar). 13C NMR (200MHz,
CD3OD) δ 13.98 (p), 22.10, 26.39, 28.74, 28.91, 31.25 (s), 38.23 (p), 51.59 (s), 111.3, 121.2, 125.0,
126.6 (t), 142.3, 148.8, 151.6, 152.2 (q). Anal. Calcd C21H28N3SO3Na (425.52): C, 59.28; H, 6.63;
N 9.87, S, 7.53, Na, 5.40. Found: C, 59.25; H, 6.78; N, 9.80; S, 7.63; Na, 5.35.
UV-vis spectroscopy. UV-vis absorption spectra were recorded as described in section 2.10.
Surface tension measurements. Cacs were determined following the procedure described in
section 2.10.
Differential Scanning Calorimetry (DSC). DSC measurements were performed according
to the procedure as described in section 2.10.
Transmission Electron Microscopy (TEM). Negatively staining electron microscopy was
performed as described in Chapter 3, using uranyl acetate as the staining agent. Cryo
electron microscopy was performed according to the following procedure: aliquots of
surfactant solutions were deposited on holey carbon grids; the excess solution was blotted
off using filter paper. The samples were vitrified by rapid plunging into liquid ethane. The
grids were transferred to a Gatan model 626 cryo holder and examined at ca. -170°C in a
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CM10 microscope (Philips) operating at 100 or 120 kV. Micrographs were recorded under
low dose conditions
Dynamic light sacttering. Size distributions of vesicle solutions were determined at a fixed
angle of 90o with a Malvern Instruments Zeta Sizer 5000 using the Contin analysis mode.
Measuring times were 400 – 500 s. Surfactant concentrations were between 5 mM and 10
mM. Measurements were performed at room temperature.
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Wormlike Micellar and Vesicular Phases in Aqueous
Solutions of Single-Tailed Surfactants with Aromatic
Counter IonsI
Aggregation of a series of n-alkyltrimethylammonium 5-ethylsalicylate surfactants (CnTA5ES, n =
12, 14, 16) in aqueous solution was investigated employing turbidity measurements, fluorescence
anisotropy experiments (using 3-hydroxynaphthalene-2-carboxylate, HNC-), and cryo transmission
electron microscopy (cryo TEM). Critical aggregation concentrations (cac), determined by surface
tension experiments, are smaller than those of their salicylate analogues. CnTA5ES surfactants form
vesicles immediately above the cac rather than wormlike micelles like their salicylate counterparts.
C12TA5ES forms large unilamellar vesicles (LUVs), which transformed into surfactant layers upon
increasing the surfactant concentration. The transition was characterized by an increase in turbidity.
C14TA5ES and C16TA5ES were found to form LUVs and long wormlike vesicles, which are
responsible for the viscoelasticity of the solutions. Upon increasing surfactant concentration, a
transition to large multilamellar vesicles (LMVs) was observed. In addition, plate structures and
elongated vesicles were present. The transition from unilamellar to multilamellar vesicles was
accompanied by an increase in turbidity. HNC- fluorescence anisotropy values (r) were zero below the
cac of the surfactants and showed an increase as soon as surfactant aggregates formed. CnTA5ES
surfactants exhibit temperature dependent aggregation. Aqueous solutions of C16TA5ES are turbid at
low temperatures and undergo a transition to a clear and viscoelastic phase upon increasing
temperature. Turbidity changes are attributed to a vesicle-to-micelle transition.
5.1 Introduction
Single-tailed surfactants usually form globular micelles in aqueous solution above their
critical micelle concentration (cmc).1 An increase in surfactant concentration may induce the
formation of wormlike micelles.2 Similarly, addition of organic or inorganic counter ions,2,3
uncharged compounds like aromatic hydrocarbons,4 or an oppositely charged surfactant5
can transform spherical micelles into wormlike micelles. n-Alkyltrimethylammonium and
alkylpyridinium surfactants are the most extensively studied surfactant systems in this
respect.6,7 Halide counter ions bind moderately strongly to cationic surfactant aggregates
and therefore micellar growth is only gradual. Upon changing to aromatic counter ions that
usually display higher counter ion binding, micellar growth occurs at low surfactant and
counter ion concentrations.2,8 However, not only is high counter ion binding a prerequisite
for micellar growth, the orientation of substituents in the aromatic ring is also important.2 1H
I The major part of the work described in this chapter has been published in Langmuir 2000, 16, 6780.
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NMR studies reveal that the N(CH3)3 proton signals are shifted to higher fields and
broadened upon addition of salicylate counter ions (Scheme 5.1, left).9 The aromatic ring of
salicylate anions is located in between the head groups; the OH and COO- substituents
protrude out of the micellar surface.8,10,11
Theoretical studies showed that wormlike micelles are long and flexible and that
they undergo transformations on relatively short timescales.12 This prediction was
confirmed by negative staining13 and cryo electron microscopy,14 which showed that the
length of wormlike micelles could be several hundreds of nanometers. The presence of
wormlike micelles in aqueous solution is often reflected by an increase in relative viscosity.1
Upon increasing surfactant concentration an entangled network of wormlike micelles is
formed. The solution displays viscoelastic behavior. The rheological behavior observed for
these surfactant systems is similar to that for solutions of flexible polymers and therefore








Scheme 5.1 Structure of sodium salicylate (left), 5-methylsalicylic acid (middle), and sodium
3-hydroxy-2-naphthoate (right).
Upon increasing the size of hydrophobic portions of counter ions, formation of
vesicles has been observed. Lin et al.16 studied the aggregation of mixtures of n-
hexadecyltrimethylammonium bromide (C16TAB) and 5-methylsalicylic acid (Scheme 5.1,
middle). Upon changing the 5-methylsalicylic acid to C16TAB ratio (ca/cs) from 0.1 to 1.1 a
gradual change was observed from spherical micelles to vesicles via wormlike and
entangled wormlike micellar phases. The results were interpreted in terms of the ratio ah/ac
where ah is the effective head group area and ac the cross-sectional area of the alkyl chain.
Addition of 5-methylsalicylic acid to C16TAB leads to a decrease in the ratio ah/ac, which
accounts for the morphological change from micelles to vesicles upon changing the ca/cs
ratio.
Sodium 3-hydroxynaphthalene-2-carboxylate (NaHNC, Scheme 5.1, right) is able to
induce the formation of vesicles in aqueous solutions of C16TAB.17 This system is compared
to catanionic surfactants since the phase behavior shows similarities to that of mixtures of
cationic and anionic surfactants. The same system without excess of salt (C16TAHNC) has
also been studied. The critical aggregation concentration (cac) of C16TAHNC is 0.03 mM,18
which is significantly smaller than that of C16TAB (1.0 mM19). Aqueous solutions of
C16TAHNC show interesting temperature-dependent phase behavior. Upon increasing the
temperature, the system undergoes a transition from a turbid vesicular phase to a clear
viscoelastic phase containing a network of entangled wormlike micelles. Fluorescence
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anisotropy and 1H NMR spectroscopy showed an increase in fluidity of the aggregate
surface upon increasing the temperature.20 The phase transition has been studied by
differential scanning microcalorimetry (DSC) and conductivity experiments.21 The
temperature-induced morphological change has been explained using the theory of phase
transitions in a 2D Coulomb gas.22 An increase in temperature results in a decrease of the
HNC- counter ion binding, concomitantly the head group repulsions between C16TA+
moieties in the bilayer increase, eventually leading to a change in aggregate shape from
vesicles to wormlike micelles. A vesicle-to-micelle transition in aqueous solutions of
C16TAHNC can also be induced by shear23 or by adding C16TAB or NaHNC.24
Most studies have focused on the properties of mixtures of C16TAB and either 5-
methylsalicylic acid16 or NaHNC.17,18,20,21,23,24 Neither the effect of surfactant alkyl chain
length on the aggregation behavior nor the phase behavior of the surfactant without salt
(e.g. NaBr) have been investigated in detail. This chapter presents a study of the aggregation
of n-alkyltrimethylammonium 5-ethylsalicylate surfactants (CnTA5ES, where n = 12, 14, 16,
Scheme 5.2). Cacs have been determined by surface tension measurements. The aggregation
has been studied by monitoring the fluorescence anisotropy (r) of HNC- bound to the
surfactant aggregates and by following the turbidity of the samples. The morphology of the
aggregates was characterized by cryo transmission electron microscopy (cryo TEM).
Counter ion induced morphology changes have also been addressed in Chapter 3. The
observed effects were attributed to a combination of hydrophobic and electrostatic
interactions. This chapter reports a further investigation on counter ion induced morphology




n = 12, 14, 16
Scheme 5.2 Structure of n-alkyltrimethylammonium 5-ethylsalicylate (CnTA5ES) amphiphiles.
5.2 Interlude: hydrotropes
Hydrotropes are molecules which increase the solubility of solutes that are otherwise only
slightly soluble in aqueous solution like fats or alcohols.25,26 This phenomenon was first
recognised by Neuberg in 1916.27 Scheme 5.3 shows some examples of hydrotropes. The
latter consist of an apolar part that can be either aliphatic or aromatic and a polar part,
which can be charged (cationic or anionic), zwitterionic, or nonionic.
Hydrotropes are used as solubilizing agents in drug formulations and are also of
interest because of their biological action.25 For example, reports have appeared on the
increased antibacterial action of cresols in hydrotropic solution. Hydrotropes can be used as
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solubilizing agents in otherwise heterogeneous organic reactions and they have may have a








CH3 (CH2)n COO-Na+ n < 4
sodium alkanoates
Scheme 5.3 Some examples of hydrotropes.25
Recently, hydrotropes have gained interest as agents in washing processes.25
Addition of hydrotropes to liquid detergents prevents gelation of the concentrated
formulation and facilitates the washing process under dilute conditions. Unilever has
investigated the effect of “diacid” (Scheme 5.4) on the solubilization of octanol that was used
as a model for “oily dirt”.28 It was assumed that the improvement of the washing process in




Scheme 5.4 Structure of “diacid”.25
Solubilization of water-insoluble compounds by hydrotropes is characterized by the
high concentrations that are needed to initiate solubilization. The concentration above which
solubilization occurs is called the minimum hydrotrope concentration (MHC).29 Another
feature of solubilization by hydrotropes is the large amount of an insoluble compound that
is solubilized at high hydrotrope concentration.25,30 In contrast, surfactants are more active at
low concentration (solubilization starts as soon as the cmc has been reached) but the amount
of solubilized material remains low, even at high surfactant concentration.25 The differences
in solubilizing power of hydrotropes and surfactants have been explained by studying
phase diagrams of the solubilizer in the presence of octanoic acid.25 Surfactants in the
presence of octanoic acid produce several phases like a micellar, a liquid crystalline (HII),
and a lamellar phase upon increasing the concentration whereas the shift from the water
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continuous phase to the octanoic acid phase takes place without any phase transition in the
hydrotrope-octanoic acid solution. Solubilization by hydrotropes is also characterized by its
sigmoidal character suggesting that the process is cooperative.29 Figure 5.1 shows the
solubility increase of perylene by a hydrotrope (sodium p-toluene sulfonate, NaPTS), by
guanidinium thiocyanate (GdSCN), a salting-in agent, and by poly(ethylene)glycol (PEG),
which is miscible with water in all proportions.29 The solubility curves in the presence of
hydrotropes are sigmoidal whereas they show a monotonic increase in the case of GdSCN
and PEG. The microenvironment of hydrotrope aggregates has a polarity similar to that of
octanol and the microviscosity is comparable to that of ionic micelles.29
Figure 5.1 Comparison of the solubility increase of perylene by NaPTS, GdSCN, and PEG in aqueous
solution.29
5.3 Drop tensiometry
Hydrotropes are mildly surface active but they lack surfactant properties like an effective
lowering of the surface tension or a cac. Surface active properties of sodium 5-ethylsalicylate
in aqueous solution were studied using drop tensiometry. Figure 5.2 shows the surface
tension of sodium 5-ethylsalicylate in aqueous solution up to a concentration of 0.4 M. The
surface tension decreases upon increasing the hydrotrope concentration but no break is
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observed in the plot that corresponds to a cac. Hydrotropes are thought to associate into
loose aggregates with low aggregation numbers in aqueous solution.25












Figure 5.2 Surface tension of sodium 5-ethylsalicylate in aqueous solution.
Table 5.1 Critical aggregation concentrations (cacs) and surface tension values at the cac (γcac)
of CnTA5ES and CnTASal surfactants
cac / mM γcac / mNm-1
n CnTA5ES CnTASal CnTA5ES CnTASal
12 1.38 3.0 28 31
14 0.40 0.6928 29 -a
16 0.098 0.16 30 32
aNot determined
Cacs of CnTA5ES amphiphiles in aqueous solution have been determined by drop
tensiometry. Figure 5.3 shows the dependence of surface tension on the concentration of
C14TA5ES. The break in the plot corresponds to the cac. Surface tension measurements are
sensitive to impurities.31 The absence of a minimum in the surface tension plot is indicative
of surfactants having a high purity. Similar plots were obtained for C12TA5ES and for
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C16TA5ES. Table 5.1 presents the cacs of CnTA5ES surfactants and of the corresponding
salicylate surfactants. The cmcs for the latter were determined by conductivity experiments
and are in agreement with literature values.32 As expected, cacs of CnTA5ES surfactants
decrease upon increasing chain length (n) and are smaller than those of their salicylate
analogues (CnTASal). Equation 1 relates the cac to the number of carbon atoms in the alkyl
chain.33










Figure 5.3 Dependence of the surface tension on the concentration of C14TA5ES.
BnAcac -=)log( (1)
A and B reflect the changes in Gibbs energy for transferring respectively head groups and
methylene groups from the aqueous phase into the micellar phase. B equals 0.3, which is
comparable to literature values for n-alkyltrimethylammonium bromides and other ionic
surfactants.33
The area per surfactant in the monolayer (as)34 can be estimated using the Gibbs





















Here, Γ is the surface excess (mol m-2), R is the gas constant, T is the temperature, c the
surfactant concentration, and Na the Avogadro constant. The areas at the air-water interface
for C12TA5ES and C14TA5ES are estimated to be 64 and 62 Å2, respectively; as for C16TA5ES
was irreproducible. The areas at the air-water interface for C12TA5ES and C14TA5ES are in
agreement with earlier studies, which report as for CnTAB ranging from 60 to 75 Å2.35 Eastoe
et al.36 studied n-alkylammonium n-dodecylsulfates in which the alkyl group is n-propyl, n-
butyl, n-hexyl, and n-heptyl. In that study the mean area per hydrocarbon chain is around 30
Å2, calculated by dividing the areas (as calculated from eq. 2 and 3) by 2. In the present case
this treatment is not warranted since it is not known to what extent both ions contribute to
as. However, it seems reasonable to assume that the area per surfactant chain (CnTA+) is
smaller than 64 and 62 Å2 for C12TA5ES and C14TA5ES, respectively, due to penetration of
the 5ES- ion between the head groups of the surfactant molecules, analogously to
salicylate.8,10,11 In this way the cationic head group repulsions are reduced, hydration water
is (partly) released, and consequently the cationic head groups occupy smaller head group
areas as compared to, for example, CnTAB. Intercalation of 5ES- between the surfactant head
groups upon aggregate formation was confirmed using 1H NMR spectroscopy. The protons
of the head group of CnTA5ES surfactants show an upfield shift upon aggregation,
attributed to a decrease in polarity of the surroundings of the protons. In addition, upfield
shifts of the 1H NMR signals upon intercalation of aromatic counter ions between the
surfactant head groups result from a ring current-induced chemical shift.37 Moreover, the C-
H resonances of the counter ion also undergo an upfield shift upon aggregation when
compared to the pure counter ion in aqueous solution as a result of the decrease in polarity
of the surroundings of the counter ion upon aggregation.11
Surface tensions at the cac (γcac) for CnTA5ES and CnTASal surfactants are also shown
in Table 5.1. The γcac values of CnTA5ES are relatively low as compared to that for CnTASal
and other cationic micelle-forming surfactants, which usually show values in the range of 30
to 40 mNm-1.35 This trend is in agreement with a close packing of the surfactants at the air-
water interface. Surface tension values at the cac of C12TASal and C16TASal are of the same
order of magnitude.
5.4 Aggregation behavior of CnTA5ES
Upon increasing the CnTA5ES concentration in aqueous solution, different types of
aggregates are formed. Aggregation was studied by monitoring the turbidity of the
solutions and HNC- fluorescence anisotropy, which provides information on the molecular
motions of the probe.38 HNC- shows significant fluorescence anisotropy when bound to
surfactant aggregates due to hindered rotational motion of the probe. The fluorescence
spectrum of HNC- does not interfere with that of 5ES-. Since HNC- is a strongly binding
counter ion it is expected to be located at the surface of aggregates formed by CnTA5ES. This
expectation also implies that HNC- competes with 5ES- for binding sites. Therefore HNC-
might influence the aggregation behavior of CnTA5ES. In order to minimize the effect of
HNC- on aggregates formed by CnTA5ES, the HNC- concentration was kept as low as 50 µM.
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It is also possible to measure the fluorescence anisotropy of Sal- (and thus of 5ES-) but the
magnitude of the r-values is smaller than in the case of HNC-.39 Therefore it was decided to
monitor the fluorescence anisotropy of HNC- in spite of the slight influence HNC- might
have on the aggregation behavior of CnTA5ES. The fluorescence anisotropy of HNC- in
viscoelastic solutions of C16TAB and NaSal is about 0.03. In the absence of C16TAB the
anisotropy is close to 0.001 indicating that rotational motion of HNC- is more strongly
restricted when bound to (entangled) threadlike micelles.38 Shikata et al.38 calculated a
rotational relaxation time for the HNC- anion when incorporated in threadlike micelles of 1.5
ns, much longer than that in aqueous solution (0.01 ns).
5.4.1 C12TA5ES
Figure 5.4 (top) shows both the fluorescence anisotropy of HNC- in aqueous solutions of
C12TA5ES and the turbidity (indicated by the absorbance at 450 nm) of the solutions.
Aqueous solutions of C12TA5ES become slightly turbid beyond the cac. Although the
turbidity seems to be small (only 0.01 for 4 mM of C12TA5ES) the solutions are clearly turbid
when inspected visually. Upon increasing the C12TA5ES concentration the solutions show a
slight increase in turbidity, which becomes more pronounced around 35 mM of C12TA5ES.
In addition, the solutions at higher concentrations show an increased viscosity with respect
to the lower concentrations. The model obtained from turbidity experiments is supported by
the change of the HNC- fluorescence anisotropy value r in aqueous solutions of C12TA5ES.
Below the cac of C12TA5ES the fluorescence anisotropy is close to zero indicating free
rotational motion for HNC-. Around 2 mM of C12TA5ES the HNC- fluorescence anisotropy
increases and stays constant at around 0.025.
The aggregates formed in aqueous solutions of C12TA5ES have been characterized by
cryo TEM. Figure 5.4 (bottom left) shows large unilamellar vesicles (LUVs) ranging in
diameter from 30 nm to 500 nm in a 16 mM aqueous solution. Cryo TEM was also
performed on an aqueous solution of 54 mM of C12TA5ES, which is above the transition in
the turbidity plot at 35 mM. This technique revealed LUVs ranging in diameter from 40 to
400 nm although the number density of LUVs had decreased with respect to the 16 mM
sample. In addition, surfactant layers having a length of more than 3 µm, arranged like roof
tiles, are observed (Figure 5.4 bottom, right). These surfactant layers may account for the
increase in both turbidity and viscosity of the solutions above 35 mM. The r-value is not
affected by the formation of surfactant layers since the micro surroundings of the probe do
not change upon going from vesicles to surfactant layers. In both cases the probe sits in a
bilayer environment. The plateau fluorescence anisotropy value of HNC- in the presence of
C12TA5ES bilayers is ca. 0.035 and corresponds well to that of HNC- in the presence of
didodecyldimethylammonium bromide vesicles (DDAB, r = 0.038). Aqueous solutions of
C12TA5ES do not show viscoelastic behavior analogous to C12TASal although solutions of
both surfactants become viscous upon increasing the surfactant concentration. Since the
formation of vesicles has not been observed in aqueous solutions of C12TASal it is concluded
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that the additional ethyl substituent in 5ES- is responsible for the formation of vesicles in the
case of C12TA5ES.















Figure 5.4 Top: fluorescence anisotropy of HNC- (squares, left axis) in aqueous solutions of C12TA5ES
and the turbidity of the solutions (circles, right axis); bottom, left: cryo TEM micrograph of LUVs in a
16 mM C12TA5ES solution; bottom right: cryo TEM micrograph of surfactant layers and LUVs as
observed in a 54 mM C12TA5ES solution. Bar represents 500 nm.
Although vesicles in mixtures of cationic and anionic surfactants with n-dodecyl
chains have been studied frequently,40 reports on the formation of vesicles in aqueous
solutions of single-tailed, unbranched cationic surfactants with a dodecyl chain are rare. In
Chapter 341 we have demonstrated the formation of vesicles in aqueous solutions of n-
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alkyltrimethylammonium-methyl orange surfactants where the counter ion is also
hydrophobic in nature. The formation of vesicles from a single-tailed surfactant with a n-
dodecyl chain has also been reported for the zwitterionic n-dodecyldimethylamine oxide
(C12DAO) amphiphile upon addition of salicylic acid42 and cinnamic acid.42,43 This
phenomenon was attributed to protonation of C12DAO which then interacts electrostatically
with the aromatic counter ions, resulting in bilayer instead of micelle formation.
5.4.2 C14TA5ES
Figure 5.5 (top) shows the fluorescence anisotropy of HNC- in aqueous solutions of
C14TA5ES as well as the turbidity of the solutions. Aqueous solutions of C14TA5ES become
viscoelastic immediately above the cac. Turbidity of the solutions increases around 25 mM,
which marks the lower boundary of a two-phase region that extends to about 35 mM. The
upper phase is turbid; the lower one is clear and viscoelastic. Phase separation takes place
over several weeks. Beyond the macroscopic phase-separated region the turbidity increases
further whereas the viscoelasticity decreases. When solutions in this concentration range are
viewed under a light microscope the observed vesicles move slowly which is the result of
the relatively high viscosity of these solutions. The fluorescence anisotropy scatters around
0.02 in the concentration range below 35 mM of C14TA5ES and increases to around 0.04 at
higher surfactant concentrations. Several concentrations of C14TA5ES were studied by cryo
TEM. In the concentration range where the turbidity is small (below 25 mM of C14TA5ES),
LUVs and long wormlike vesicles are present in aqueous solution. The roughly spherical
LUVs have diameters ranging from 150 nm to 500 nm whereas the wormlike vesicles are
longer than 3 µm; their widths range from 25 nm to 300 nm. Figures 5.5 (middle left and
right photographs) show aggregates formed from C14TA5ES in aqueous solution at
concentrations smaller than 25 mM. Aqueous solutions of C14TA5ES in the concentration
region above 25 mM contain LUVs ranging in diameter from 150 nm to 500 nm and large
multilamellar vesicles (LMVs) ranging in diameter from 250 nm to 500 nm. Elongated
vesicles are also observed, although their length has decreased considerably to 600 nm or
less. In these samples plate structures are also present, which are similar to those, observed
at high C12TA5ES concentrations (vide supra). Figure 5.5 (bottom) shows structures of
C14TA5ES observed at concentrations above 25 mM. On the basis of cryo TEM experiments
the increase in turbidity around 25 mM of C14TA5ES is due to a transition from LUVs to
LMVs (compare middle right and bottom photographs of Figure 5.5). Previously, changes in
turbidity have been attributed to unilamellar-to-multilamellar phase transitions.44
Similar to C12TA5ES, no wormlike micelles are observed in aqueous solutions of
C14TA5ES although these solutions are viscoelastic. Therefore the viscoelasticity is attributed
to the presence of the wormlike vesicles. Usually, viscoelasticity is attributed to entangled
wormlike micelles, which is indeed the case for C14TASal.32
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Figure 5.5 Top: fluorescence anisotropy of
HNC- (squares, left axis) in aqueous solutions of
C14TA5ES and the turbidity of the solutions
(circles, right axis); middle left: cryo TEM
micrograph of wormlike vesicles in a 12 mM
aqueous solution of C14TA5ES; middle right:
cryo TEM micrograph of LUVs and LMVs in a
22 mM aqueous solution of C14TA5ES, bottom
(left): cryo TEM micrograph of LUVs, LMVs,
and plate structures in a 33 mM aqueous
solution of C14TA5ES. Bar represents 500 nm.
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Changes in HNC- fluorescence anisotropy with increasing concentrations of
C14TA5ES are not readily accounted for. Similar to C12TA5ES, the r-value is close to zero at
surfactant concentrations below the cac, indicating free rotational motion of the probe. Up to
surfactant concentrations of 40 mM of C14TA5ES the r-value gradually increases from 0.015
to 0.030 whereas it scatters around 0.040 in concentrations above 40 mM of C14TA5ES. As
bilayer structures are present in all solutions the r-value would have been expected to reach
a plateau value not far beyond the cac (analogous to C12TA5ES). Since HNC- is not a
commonly used probe for measuring molecular motions in surfactant aggregates, HNC- r-
values were measured in various surfactant systems. Viscoelastic solutions containing
C14TAB and sodium salicylate (NaSal) show rather scattered r-values between 0.030 ± 0.014
and 0.047 ± 0.011 whereas the r-value in a 20 mM solution of C14TAB was 0.047 ± 0.016. In a
catanionic vesicular solution of C12TAB and sodium dodecyl sulfate (SDS) an HNC- r-value
of 0.123 ± 0.017 was measured whereas it was 0.038 ± 0.005 in a DDAB and 0.075 ± 0.005 in a
DODAB (dioctadecyldimethylammonium bromide) environment. In micellar systems the
error is larger than in vesicular systems. The r-value in a DTAB/SDS solution is remarkably
large and cannot be attributed to decreased rotational motion of the probe with respect to
DDAB or DODAB. Therefore other factors play an important role in catanionic systems.
Morphologies of surfactant aggregates as observed in this study have been found
before in e.g. a study of the aggregation behavior of sodium 8-phenyl-n-hexadecyl-p-
sulfonate (SHBS).45 Cryo TEM performed on a 1.7 wt% solution revealed structures like
spherical vesicles but also coiled wormlike vesicles and long tubes (>2 µm). Unfortunately,
the effect of those structures on the viscosity of the solution was not reported.
5.4.3 C16TA5ES
Figure 5.6 shows the fluorescence anisotropy of HNC- in aqueous solutions of C16TA5ES
combined with the turbidity of the solutions. The HNC- fluorescence anisotropy is close to
zero at surfactant concentrations below the cac and then increases to around 0.025.
Analogous to C14TA5ES, aqueous solutions of C16TA5ES become viscoelastic immediately
above the cac. The turbidity of the solutions is small (ca. 0.05) but it increases around 3 mM.
A 4 mM aqueous solution was examined using an optical microscope, which revealed the
presence of vesicles ranging in diameter from 5 to 15 µm. Therefore the increase in r-value is
attributed to the fact that HNC- binds to vesicles which leads to a decrease in its rotational
freedom. The viscosity of the solutions decreases significantly upon increasing surfactant
concentration, and above 20 mM the solutions show no viscoelasticy. Phase separation in a
surfactant-lean lower phase and a surfactant-rich upper phase occurs between 3 mM and 20
mM. Cryo TEM was performed on an aqueous solution of 15 mM of C16TA5ES and revealed
the formation of LUVs and LMVs ranging in diameter from 30 to 200 nm. In addition,
elongated and long wormlike vesicles ranging in size from 100 to 400 nm and more than 3
µm, respectively, were observed. These deformed or highly flexible banana-shaped vesicular
aggregates have been observed previously in aqueous mixtures of sodium octylsulfate (SOS)
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and C16TAB.5a Formation of these types of aggregates was explained by a low bending
rigidity of mixed membranes and, secondly, by shear effects during sample preparation.
Wormlike vesicles are also formed in aqueous mixtures of gemini surfactants 12-2-12 and 12-
20-12.46
Similar to C14TA5ES, the viscoelasticity in aqueous solutions of C16TA5ES is
attributed to the presence of long wormlike vesicles. Although samples of low C16TA5ES
concentration were not studied by cryo TEM, it is assumed that the increase in turbidity
around 3 mM is due to the formation of LMVs, analogous to C14TA5ES.
C16TASal is a well-known wormlike micelle-forming surfactant.32 Upon increasing
the hydrophobic moiety of the counter ion from salicylate to 5-methylsalicylate, in
combination with C16TAB, vesicles were formed in aqueous solution.16 These vesicles were
formed when the mixing ratio of 5-methylsalicylic acid to surfactant was 1.1. In solutions
with a smaller mixing ratio, spherical and wormlike micelles were formed. Therefore it was
not surprising that vesicles are formed in aqueous solutions of C16TA5ES but the absence of
micelles is remarkable. Also C16TAHNC, which is a surfactant system similar to C16TA5ES, is
a vesicle-forming surfactant. We note that HNC- is an even larger counter ion than 5ES-.















Figure 5.6 Fluorescence anisotropy of HNC- (squares, left axis) in aqueous solutions of C16TA5ES and
the turbidity of the solutions (circles, right axis).
The HNC- fluorescence anisotropy plateau value increases from C12TA5ES to
C14TA5ES to C16TA5ES reflecting the increase in packing efficiency of the surfactant
molecules in the membrane upon increasing the alkyl chain length. This pattern is confirmed
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by the fact that the fluorescence anisotropy of HNC- is lower when the probe is bound to
vesicles formed from DDAB (0.038) than that of HNC- bound to DODAB vesicles (0.075).
5.5 Temperature-dependent aggregation behavior of C16TA5ES
Figure 5.7 shows the turbidity of aqueous solutions C16TA5ES at different concentrations as
a function of temperature. The solutions undergo a transition from a turbid phase at 30°C to
a clear viscoelastic phase at higher temperatures. The transition temperature increases upon
increasing the concentration of C16TA5ES. Analogous20 to C16TAHNC, the turbidity changes
are attributed to a vesicle-to-micelle transition. In the case of C16TAHNC the transition was
accounted for by the increased solubility of HNC- counter ions upon increasing temperature,
i.e. counter ion binding decreases upon increasing temperature.22 This tendency leads to
increased head group repulsion, an increase in aggregate curvature. Therefore vesicles are
transformed into the next homologue in the aggregate curvature series, which are wormlike
micelles. Horbascheck et al.21 studied using DSC aqueous solutions of C16TAHNC. They
found a transition at 46°C (∆Ho=0.5 kJ mol-1) independent of the surfactant concentration
and identified a transition within the vesicular phase. In addition, they observed an increase
in electrical conductivity of C16TAHNC as well as of KCl entrapped in C16TAHNC at the
transition temperature as revealed by DSC.
Temperature-induced micelle-to-vesicle transitions are well known for nonionic
surfactants. In these cases the change in aggregate shape is attributed to a decrease in head
group hydration upon increasing temperature leading to a decrease in effective head group
area. Moreover, the hydrocarbon chains become less ordered upon increasing temperature
(compare the phase transition temperature below which the alkyl chains are in a more
ordered state). Consequently, an increase in temperature leads to an increase in the packing
parameter-value, which favors bilayer formation.47 On the other hand, head group areas of
ionic surfactants are only slightly affected by a change in temperature, although it has been
suggested that the effective head group area of ionic surfactants slightly increases upon
increasing the temperature.48 Apparently, the increase in a0 of C16TA5ES upon increasing the
temperature is relatively large and leads to a change in morphology of the aggregates
formed in aqueous solution.
The temperature-induced morphology changes of aggregates formed by C16TA5ES in
aqueous solution can also be followed by 1H NMR spectroscopy. The C-H resonances
narrow upon increasing the temperature. Figure 5.8 shows C-H resonances of the alkyl part
of the 1H NMR spectrum of C16TA5ES in D2O at different temperatures. The surfactant
concentration is 3.8 mM. The peak width at half height (∆ν1/2) of the alkyl chain resonance is
ca. 45 Hz at 65oC which is of the same order of magnitude as in the case of wormlike
micelles formed from 4-n-alkyl-1-methylpyridinium benzoate surfactants.9 The results are
therefore consistent with a vesicle-to-wormlike micelle transition.
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Figure 5.7 Turbidity of 3.1 mM (squares), 4.2 mM (circles), and 5.2 mM (triangles) aqueous solutions
of C16TA5ES as a function of temperature.
Figure 5.8 Line narrowing of the 1H NMR signals of the alkyl part of a 3.8 mM aqueous solution of
C16TA5ES upon increasing the temperature. T/oC (a) 25, (b) 35, (c) 45, (d) 55, (e) 65.
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5.6 Counter ion induced morphology changes
Changing the counter ion of either alkylpyridinium or alkyltrimethylammonium surfactants
from halides to aromatic anions leads to a change from spherical micelles to wormlike
micelles for aggregates formed by these surfactants in aqueous solution.2,3,9 Aromatic
counter ions interpenetrate with surfactant head groups, which leads to an increase in the
volume of alkyl part of the surfactant (V). Moreover, electrostatic repulsions between
surfactant head groups decrease upon interaction with oppositely charged counter ions,
leading to a decrease in the optimal cross-sectional head group area (a0). The increase in V
together with the decrease in a0 results in an increase of the packing parameter P (Eq. 4).49 In
this equation, V is the volume of the hydrocarbon part of the surfactant, l its alkyl chain
length, and a0 the mean cross-sectional head group surface area. Consequently, a transition
from spherical to wormlike micelles is observed when the counter ion is changed from a





Surfactants with 0<P<1/3 form micelles in aqueous solution, 1/3<P<1/2 indicates the
formation of wormlike micelles whereas surfactants with 1/2<P<1 display vesicle
formation.
With reference to the aggregation of 1-alkyl-4-alkylpyridinium amphiphiles,
salicylate (of the studied counter ions) is the most effective counter ion for inducing micellar
growth.9 Moreover, salicylate leads to the formation of the most “structured” aggregates.
Furthermore, salicylate displays the most exothermic enthalpy of micellization for all
surfactants studied. The close packing of surfactant monomers in micelles is alleviated by a
high degree of counter ion binding. Moreover, hydrocarbon-water contact is strongly
reduced upon micellization. It was also stressed that water-water interactions play an
important role in the aggregation process. A distinction between the hydrophobic and
hydrophilic part of the counter ion seems to facilitate the morphology change from spherical
to wormlike micelles. Further increasing the hydrophobicity of counter ions can enhance this
change. It was demonstrated that in aqueous mixtures of C16TAB and 5-methylsalicylic acid
vesicles or micelles are formed, depending on the mixing ratio.61 An even further increase in
counter ion hydrophobicity to HNC- (in combination with C16TA+)17 or 5ES- (in combination
with CnTA+, n = 12, 14, 16) solely leads to the formation of vesicles in aqueous solution. The
differences in aggregate morphology induced by salicylate and its analogues (5-
methylsalicylic acid, HNC-, 5ES-) are attributed to increased hydrophobic interactions since
the hydrophilic part of the counter ion is similar in each case.
In a study of the aggregation of N-hexadecylpyridinium (Cpy+) surfactants with
isomeric butylbenzene sulfonate counter ions the combinations Cpy+ NBBS- (n-butylbenzene
sulfonate) and Cpy+ IBBS- (iso-butylbenzene sulfonate) lead to the formation of wormlike
micelles at low surfactant concentrations.50 Increasing the surfactant concentration produces
an opalescent-blue phase indicating that vesicles are present.50 Unfortunately, formation of
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vesicles is neither demonstrated nor suggested. N-Hexadecylpyridinium tertiary
butylbenzene sulfonate (Cpy+ TBBS-) forms wormlike micelles in aqueous solution over the
investigated concentration range. The fact that CnTA5ES surfactants form vesicles
immediately above the cac whereas N-hexadecylpyridinium butyl benzene sulfonate
surfactants show wormlike micelles (at low concentrations) indicates once more that
salicylates and derivatives are counter ions with rather unique properties. This uniqueness is
reinforced by the fact that the butyl benzene sulfonate has a larger hydrophobic part than
5ES-.
5.7 Conclusions
The phase behavior of a series of CnTA5ES (n = 12, 14, 16) surfactants has been studied.
Unlike their salicylate counterparts they do not form wormlike micelles; instead they form
vesicular phases. Aqueous solutions of C12TA5ES contain LUVs, which transform into
surfactant layers upon increasing surfactant concentration. Those solutions are viscous.
C14TA5ES and C16TA5ES form LUVs at low surfactant concentrations; both show a transition
to LMVs upon increasing the surfactant concentration. Viscoelasticity in the solutions is
attributed to the presence of long (>3 µm) wormlike vesicles. Cacs of the novel surfactants
are smaller than those of their salicylate analogues. Upon heating aqueous solutions of
C16TA5ES, a transition from a turbid vesicular phase to a clear viscoelastic phase is observed.
This phenomenon is attributed to a vesicle-to-micelle transition, which results from
decreased counter ion binding upon increasing the temperature. It is remarkable how
sensitive the morphological preferences of the aggregates are to small structural changes in
the aromatic counter ion.
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5.9 Experimental section
Materials. Cetyltrimethylammonium bromide (C16TAB) was purchased from Merck, C14TAB
from Acros, C12TAB from Sigma, Dowex (1x8 200-400 mesh) and sodium salicylate (NaSal)
from Fluka, and 3-hydroxy-2-naphthoic acid (HNA) and 4-ethylphenol from Aldrich.
5-Ethylsalicylic acid (5ESA). 5ESA51 was synthesized in 51% yield by carboxylation of 4-
ethylphenol in N,N-dimethylacetamide, analogous to a literature procedure for the synthesis
of 5-methylsalicylic acid.52 Mp. 117-118oC (lit.51 118-120 oC).
CnTA5ES. CnTA5ES surfactants were prepared by addition of equimolar amounts of
CnTAOH to aqueous suspensions of 5ESA. The water was removed by freeze-drying the
sample for several days. CnTAOH surfactants were prepared by exchange of Br- for OH-
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using a Dowex 1x8 200-400 mesh column under an Ar atmosphere. The eluent was
methanol.
CnTASal. Alkyltrimethylammonium salicylate surfactants (CnTASal, n = 12, 16) were
prepared by exchange of Br- for Sal- on a Dowex 1x8 200-400 mesh column, using methanol
as the eluent.
Sodium 3-hydroxynaphthalene-2-carboxylate (NaHNC). An aqueous solution of NaHNC
was prepared by stirring the corresponding acid in water containing an equimolar amount
of sodium bicarbonate at 50°C for 5 h.
Cac measurements. Cacs of CnTA5ES were measured by drop tensiometry as described in
Section 2.10. Cacs of C14TASal and C16TASal were determined by conductivity experiments
using a Wayne-Kerr Autobalance Universal bridge B642 fitted with a Philips electrode
PW9512101. Solutions in the conductivity cell were stirred magnetically and thermostated at
the desired temperature. Conductivities were corrected for volume changes.
Fluorescence anisotropy experiments. Fluorescence anisotropy measurements were
performed using an SLM Aminco spectrofluorometer equipped with a polarization device















Herein, Ivv and Ivh denote the fluorescence intensities when the system is excited by vertically
polarized light and the emission monitored through a vertical and a horizontal polarizer,
respectively. The excitation and emission wavelengths of HNC- were 380 nm and 520 nm,
respectively. The excitation and emission band passes were 5 and 2.5 nm, respectively.
Experiments were performed at 30°C.
Turbidity measurements. Turbidity experiments were performed on a Philips PU 8740
UV/vis spectrophotometer equipped with a magnetic stirring device and a thermostated
cell holder. Turbidity is expressed as the optical density at 400 nm or 450 nm in the presence
of HNC-.
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Chapter 6
Aggregation Behavior of Catanionic Hydrotropes in Aqueous
Solution
Aggregation of catanionic hydrotrope combinations having short alkyl tails (n ≤ 6) in
aqueous solution was investigated using surface tension experiments. The catanionic
hydrotropes show cooperative aggregation in aqueous solutions at concentrations where the
individual compounds show no sign of aggregation. Areas of compounds at the air-water
interface have the same order of magnitude as those of catanionic surfactants (which have
alkyl tails of 8 or more carbon atoms). The phases formed by the surfactants in aqueous
solution depend on the chemical structure of both components. Aggregation involves
interplay of electrostatic and hydrophobic interactions.
6.1 Introduction
Aqueous mixtures of cationic and anionic surfactants display many unique features.1,2,3,4,5
Combinations of cationic and anionic surfactants in aqueous solution assemble into a wide
range of aggregate morphologies in aqueous solution that are usually completely different
from those formed from the individual components. Catanionic surfactants may aggregate
into spherical micelles, wormlike micelles, vesicles, lamellar phases, and a precipitate. The
type of aggregate so formed can be tailored by the molecular architecture of the catanionic
surfactant, e.g. by variation of the asymmetry of the alkyl tails of the surfactants, by
branching of one of the tails, and by changing the stochiometry of the mixture.1,2,3,4,5
Interestingly, vesicle formation may occur spontaneously, i.e. without the input of
mechanical energy. Aggregation in catanionic surfactant solutions occurs at much lower
concentrations than in the case of the pure compounds. Moreover, the mixtures show
increased surface activity in comparison with aqueous solutions of the separate surfactants.6
Phase diagrams of aqueous mixtures of catanionic surfactants with equal tail lengths
(n > 8) like sodium dodecylsulfate (SDS) and dodecyltrimethylammonium bromide (DTAB)
are dominated by the formation of lamellar liquid crystalline phases in the water-poor
region.2 On the other hand, precipitate formation is common in those mixtures at high water
contents.2 Upon increasing the concentration of one of the components, the precipitate
redissolves to form either a vesicular or micellar phase.7,8 The large concentration range over
which precipitate formation occurs results from the highly symmetric linearly-chained
SDS/DTAB combination that can pack into a crystalline lattice. Of course, favorable
electrostatic interactions between the charged head groups are important in precipitate
formation. However, mixtures of cetyltrimethylammonium tosylate (CTAT) and sodium
dodecylbenzenesulfonate (SDBS, Scheme 6.1) predominantly show the formation of
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vesicular phases and a precipitate is only formed at equimolar mixing ratios.3,5 The type of
SDBS used has a highly branched dodecyl tail and therefore packing into a crystal lattice is
less favorable than in the case of a combination of linear symmetric cationic and anionic
surfactants. The transition from micelles to vesicles in a mixed DTAB/SDS system occurs
over a narrow region of composition. There is no coexistence region of vesicles and micelles.
Also in aqueous mixtures of DTAB and linear SDBS precipitate formation is less abundant
than in DTAB/SDS mixtures due to a more tight packing of the DTA-DS complex compared





x + y = 8.4
Scheme 6.1 Structures of CTAT (left) and SDBS (right).
Increasing the asymmetry of the cationic and anionic surfactant alkyl tails can also
increase the composition range over which vesicles appear and decrease the precipitation
region in mixed cationic/anionic surfactant systems.1,10 The vesicle-to-micelle transition
occurs without phase separation and it occurs over a narrow concentration region. Screening
of the charges of the surfactant head groups in mixtures of sodium octyl sulfate and
cetyltrimethylammonium bromide by addition of salt dramatically reduces the range of
surfactant concentrations over which the vesicle phase exists.11
Electrostatic interactions between the oppositely charged head groups are largely
responsible for the anomalous behavior of catanionic surfactant mixtures. As a result, the
effective head group area decreases. On the other hand, the volume of the alkyl part of the
surfactant increases due to the presence of a second alkyl tail. The geometry of the surfactant
is governed by the packing parameter, P, and it is given by equation (1). In this equation, V
is the volume of the hydrocarbon part of the surfactant, a0 the mean cross-sectional head





Surfactants with 0<P<1/3 form micelles in aqueous solution, 1/3<P<1/2 indicates the
formation of wormlike micelles whereas surfactants with 1/2<P<1 display vesicle
formation. Therefore, a combination of decreased head group area and an increase in the
volume of the alkyl part leads to an increase in P to a value characteristic for the formation
of vesicles. The so-called ion pairing is reflected by the increased surface activity of the
mixture since only electroneutral combinations of ions can adsorb at the air-water interface.6
Previous chapters have reported on electrostatically favored hydrophobic
aggregation of oppositely charged compounds in aqueous solution. Either the cationic or
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anionic (or both) compound has a long alkyl tail and therefore aggregates individually in
aqueous solution, although aggregation does not occur at the low concentrations at which
the mixtures are examined. This chapter is concerned with a study on aggregation of
cationic and anionic compounds that do not aggregate individually or only at high
concentrations (molar range). Thus far, studies on the aggregation behavior of cationics have
been restricted to compounds with alkyl tails of 6 or more carbon atoms. Usually,
compounds with more than 6 carbon atoms in the alkyl tail are called surfactants whereas
the shorter analogues are classified as hydrotropes.12 The latter compounds do have an effect
on the surface tension of water but do not show aggregation similar to surfactants.13 A
comprehensive overview of the literature on hydrotropes is given in Chapter 5. The strong
impact of a combination of hydrophobic and electrostatic interactions on the aggregation
properties of catanionic surfactants prompted a study of the aggregation of oppositely
charged hydrotrope combinations with short alkyl tails (n ≤ 6). Scheme 6.2 lists structures of
compounds used in this study. Aggregation was characterized using surface tension
experiments and the morphology of aggregates formed from n-hexyltrimethylammonium n-
hexylsulfate in aqueous solution was characterized by cryo transmission electron
microscopy (cryo TEM).
n-CnH2n+1N+(CH3)3 n-CnH2n+1OSO3- n = 5, 6
n-CnH2n+1NH3+ n-CnH2n+1OSO3- n = 5, 6
n-C6H13NH3+ n-C5H11CO2-
Scheme 6.2 Structures of the hydrotropes.
6.2 Drop tensiometry
The surface tension of an aqueous solution containing sodium n-hexylsulfate is
shown in Figure 6.1. Although the surface tension decreases upon increasing the
concentration, a break in the plot as in the case of surfactants is not observed. Sodium n-
hexylsulfate rather affects the surface tension of water in a manner similar to hydrotropes.
However, hydrotropes usually show a gradual break in the surface tension plot. The
concentration at the break is called the minimum hydrotrope concentration (MHC) since it is
often derived from the hydrotrope concentration necessary to induce solubilization of apolar
compounds in aqueous solution.14 Sodium n-hexylsulfate aggregates above a concentration
of 0.5 M15,16 whereas the cac of sodium n-hexylsulfate is 0.52 M as determined by
conductivity.17 Apparently drop tensiometry is not an appropriate technique for studying
the aggregation of sodium n-hexylsulfate.
The catanionic hydrotrope combination n-hexyltrimethylammonium n-hexylsulfate
shows cooperative aggregation in aqueous solution at a concentration where neither of the
individual compounds aggregate (Figure 6.1). The cac of n-hexyltrimethylammonium n-
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hexylsulfate is 92.3 mM. The area18 of n-hexyltrimethylammonium n-hexylsulfate in the
monolayer at the air-water interface as calculated from the slope of the surface tension plot
before the cac using the Gibbs isotherm for a 1:1 electrolyte19 is 84 Å2. Both compounds
contribute to this area. Therefore, the area per hydrotrope in the monolayer is half of the
calculated area, i.e. a0 per chain equals 42 Å2. This value is larger than that calculated for
catanionic surfactants with longer alkyl tails which show a0 values ranging from 20–30 Å2
per chain.20,21 The difference in a0 is attributed to smaller hydrophobic interactions between
the shorter tails.













Figure 6.1 Surface tension plot of aqueous solutions of n-C6H13N(CH3)3+ n-C6H13OSO3- (♦) and of
C6TAB (•). T = 40oC.
Table 6.1 Critical aggregation concentrations (cacs), Gibbs energies of aggregation (∆Go),
areas at the air-water interface (a0), and surface tension values at the cac (γcac) of the catanionic
combinations.
compound cac/mM ∆Go/kJmol-1 a0/Å2 γcac/mNm-1
n-C5H11N+(CH3)3 n-C5H11OSO3- 350 -26.4 90 34
n-C6H13N+(CH3)3 n-C6H13OSO3- 92.3 -33.3 84 28
n-C5H11NH3+ n-C5H11OSO3- 314 -27.0 80 25
C6H13NH3+ C6H13OSO3- 85.1 -33.7 66 22
C6H13NH3+ C5H11CO2- a 279 -27.5 82 23
aIonic groups are able to form hydrogen bonds.
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The aggregation of the other catanionic hydrotropes was also studied using drop
tensiometry; Table 6.1 shows cacs, Gibbs energies of aggregation, surface tensions at the cac
and areas of the catanionic combination at the air-water interface.
Interestingly, a cac was also found for the catanionic n-pentyltrimethylammonium n-
pentylsulfate hydrotrope that has 5 carbon atoms in each alkyl tail. Clearly, a compound
with a 5-carbon alkyl tail is not a surfactant but apparently it aggregates in aqueous solution
in a manner similar to surfactants in combination with a cationic hydrotrope with a similar
short alkyl chain. This aggregation is attributed to a combination of electrostatic and
hydrophobic interactions. The area of this combination at the air-water interface is larger
than that of the 6-carbon analogue: a0 equals 90 Å2 (45 Å2 per alkyl tail). Usually, a0 increases
upon decreasing the alkyl tail length in a homologous series reflecting a decrease in the
packing efficiency at the air-water interface.22 The increase in the surface tension at the cac
for the 5-carbon combination with respect to the 6-carbon analogue is in agreement with the
change in packing efficiency.
The cac of n-C6H13NH3+ n-C5H11CO2- is 279 mM. At concentrations beyond the cac
phase separation occurs into two liquid layers: a surfactant-rich top layer and a surfactant-
poor bottom layer. Complete phase separation takes several hours. Surface tension
measurements were performed on the bottom layers of surfactant solutions above the cac.
Therefore the top layers were removed. Consequently, the surfactant concentrations are
different from the concentrations that were used to prepare the solutions. The real surfactant
concentrations of the solutions were not determined, but, most likely, they are equal to the
cac. Instead, the original concentrations were used although it is clear that those values are
too high. This may lead to a cac that is somewhat lower than the real cac. In a study on the
phase behavior of n-hexylammonium n-hexanoate a clear isotropic phase is formed up to a
concentration of 4 wt% (184 mM).23 Upon increasing the surfactant concentration, phase
separation occurs into two liquid layers. It is not clear why there is such a large difference
between the cac (279 mM corresponds to about 6 wt %) and the concentration above which
phase separation occurs as reported by Khan et al.23 It is, however, clear that phase
separation occurs above the cac. This is confirmed by the study by Khan.23 The liquid
mixture redissolves to form a second isotropic solution phase at a surfactant concentration of
56 wt%. This solution phase continues to pure liquid n-hexylammonium n-hexanoate.
Aqueous solutions of n-alkylammonium n-alkylsulfates (n = 5, 6) exhibit a cac
whereas the individual compounds do not aggregate in this concentration range. Tables 6.1
and 6.2 show cacs of catanionic hydrotropes and of the individual compounds with 6 carbon
atoms in the alkyl tail, respectively. n-Pentylammonium halides and sodium n-
pentylsulfates are hydrotropes and do not show a well-defined aggregation concentration.
Therefore it is remarkable that a cac is found for n-pentylammonium n-pentylsulfate,
analogous to n-pentyltrimethylammonium n-pentylsulfate. This effect is accounted for in
terms of a favorable combination of electrostatic and hydrophobic interactions. However,
the solutions form precipitates at concentrations above the cac. Similar to n-hexylammonium
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n-hexylcarboxylate solutions, the surfactant concentrations that were used for determining
the cac were the ones used to prepare the solutions.
Cacs of n-alkyltrimethylammonium n-alkylsulfates are slightly higher than those of
the corresponding n-alkylammonium n-alkylsulfates. The latter are able to form
(intermolecular) hydrogen bonds, which might stabilize the aggregates. However, taking
into account the standard Gibbs energies of aggregate formation (Table 6.1), the differences
are relatively small and therefore the stabilization by H-bonding is rather insignificant.
There is a pronounced difference in the cac between n-hexylammonium n-
hexylsulfate and n-hexylammonium n-hexylcarboxylate, the latter is three times higher than
the first. Indeed sodium alkylcarboxylate surfactants have higher cac values in aqueous
solution than the corresponding sodium alkylsulfates.19 This trend can be explained as
follows: when determining the number of the carbon atoms in the alkylcarboxylate the
carbon to which the oxygen atoms are attached is also taken into account. Therefore, the
number of carbon atoms that are part of the alkyl chain is always reduced by one in
comparison with e.g. alkylsulfates. This calculation accounts for the observation that the
alkylcarboxylates have higher cac values than sodium alkylsulfates with the same number of
carbon atoms in the alkyl tail.
Table 6.2 Minimum hydrotrope concentrations (mhc) of hydrotropes in aqueous solution.




aMolal. bThis value was calculated using the equation log (cac) = A – Bn.24
The aggregation behavior of a series of n-alkyltrimethylammonium n-alkylsulfates
(n-CnH2n+1N(CH3)3+ n-CnH2n+1OSO3-) in aqueous solution was studied calorimetrically
whereas the cacs were determined using surface tension and conductivity experiments.25
Cacs and thermodynamic parameters of aggregation are presented in Table 6.3. Similar to
aggregation of 1-alkyl-4-alkylpyridinium surfactants26 the association process is determined
by a positive entropy change. In addition, the enthalpy of aggregation becomes more
exothermic with increase the alkyl tail length. The enthalpy increment per methylene group
is –2.1 kJ mol-1 which agrees with increments reported for 1-alkyl-4-alkylpyridinium
surfactants and n-alkyltrimethylammonium bromides. For the latter enthalpic increments
per methylene moiety are –2.626 and –1.9 kJ mol-1, 27 respectively.
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Table 6.3 Cacs and thermodynamic parameters of aggregate formation of n-alkyltrimethylammonium





n-C6H13N(CH3)3+ n-C6H13OSO3- 110 -7.7a (-32.2)b 1.3a (-5.4)b 9.0a (37.7)b
n-C8H17N(CH3)3+ n-C6H13OSO3- 7.5 -10.7 (-44.8) -0.7 (-2.9) 10.0 (41.9)
n-C10H21N(CH3)3+ n-C10H21OSO3- 0.45 -14.0 (-58.6) c c
aIn kcal mol-1. bIn kJ mol-1. bIn J mol-1 K-1. cNot determined.
6.3 Aggregate morphologies
Cryo electron microscopy revealed the formation of micelles in an aqueous solution of n-
C6H13N(CH3)3+ n-C6H13OSO3- (Figure 6.2).
Figure 6.2 Cryo TEM picture of micelles formed from n-hexyltrimethylammonium n-hexylsulfate in
aqueous solution. Bar represents 100 nm.
This observation is in agreement with the results from a study of the aggregation of
symmetric n-alkyltrimethylammonium n-alkylsulfates. This study reported clear solutions
when the alkyl tail length was 8 or less methylene groups whereas an opalescent solution
was formed by n-decyltrimethylammonium n-decylsulfate.25 Indeed, vesicles are formed in
aqueous mixtures of sodium decylsulfate and decyltrimethylammonium bromide according
to TEM.28 Formation of vesicles in aqueous solutions of catanionic surfactants with 12 carbon
atoms in the alkyl chain is well known.2,29 Other studies confirm that the length of alkyl tails
Chapter 6
126
of catanionic surfactants should be more than 8 methylene groups in order to be able to form
vesicles in aqueous solution. Catanionic surfactants with shorter alkyl tails form clear
solutions when dissolved in water.8,23
Dynamic light scattering experiments were performed on aqueous solutions of n-
C5H11N+(CH3)3 n-C5H11OSO3- and n-C6H13N(CH3)3+ n-C6H13OSO3-. In both cases size
distributions were obtained with a maximum around 4 nm, consistent with the formation of
micelles, although no satisfactory statistics were obtained up to a concentration of ca. 1 M.
Cooperativity of the transitions observed by surface tension experiments also indicates the
formation of micelles instead of hydrotrope aggregates. Attempts to probe the polarity
inside aggregates formed by n-alkyltrimethylammonium n-alkylsulfates using pyrene as a
probe failed due to precipitation of the material in the presence of pyrene.
n-Hexylammonium n-hexanoate in aqueous solution forms a 2-layer system at
concentrations above the cac. The phase behavior of alkanoic acid-alkylamine-water systems
revealed only one isotropic solution for the C6 system whereas two and four solution phases
were formed in the C7 and C8 systems, respectively.23,30 In the C7 and C8 systems a lamellar
liquid crystalline phase is formed, which is absent in aqueous n-hexylammonium n-
hexanoate mixtures. Aggregation was studied by determining self-diffusion coefficients
using NMR spectroscopy.
n-Alkylammonium n-alkylsulfates (n = 5, 6) precipitate above the cac. Apparently,
interaction between the cationic and anionic components is stronger than in the case of n-
alkyltrimethylammonium n-alkylsulfates since micelles are formed in aqueous solutions of
the latter compounds. Precipitate formation in aqueous mixtures of cationic and anionic
surfactants is often observed1,2,3,4,10 resulting from efficient packing of alkyl chains in
combination with strongly attractive electrostatic interactions. Here, H-bonding is probably
an additional factor leading to increased stabilization of the catanionic complex. A more
efficient packing of n-alkylammonium n-alkylsulfates compared to n-
alkyltrimethylammonium n-alkylsulfates is also indicated by the smaller area at the air-
water interface assumed by n-alkylammonium n-alkylsulfates than by n-
alkyltrimethylammonium n-alkylsulfates.
Aggregation of asymmetric n-alkylammonium (C3, C4, C6, C7) n-dodecylsulfates in
aqueous solution has been studied using optical microscopy and conductivity.20,31
Catanionic surfactants form micelles in aqueous solutions far below the cmc of sodium
dodecylsulfate. Formation of aggregates can be rationalized in terms of destabilization of the
precipitate by asymmetry of the alkyl tails. The number of phases increases upon increasing
the length of the alkyl moiety of the counter ion. Chain mismatch stabilizes the formation of
aggregates with respect to precipitate formation.1,10
Quite generally, amphiphilic compounds that do not aggregate individually do
aggregate upon addition of an oppositely charged solute. This pattern is primarily attributed
to an interplay of electrostatic and hydrophobic interactions. Moreover, whereas the
individual compounds are hydrotropes and lack surface active properties as displayed by
surfactants, catanionic hydrotrope combinations do act like surfactants. Similar effects are
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observed for compounds with longer alkyl tails: surfactants. Bilayer structures are
commonly observed in mixtures of cationic and anionic surfactants that individually form
micelles in aqueous solution.
According to previous studies, the apparent hydrophobicity of alkyl moieties attached
to polar groups is reduced by overlap of hydrophilic and hydrophobic hydration shells. In
studies on the effects of alkylammonium bromides,15 alkyltrimethylammonium bromides,15
sodium alkylsulfates,17 and other types of cosolutes32 on the hydrolysis of an activated
amide the effects of methylene moieties outside the hydration sphere of the polar group of
the cosolute on the hydrolysis are additive whereas non-additivity is observed for
methylene moieties near the ionic group. A molecular dynamics simulation confirms
hydration shell overlap of hydrophilic and hydrophobic groups.33 However, methylene
groups close to the polar group are available for hydrophobic interactions since the
hydrophilic hydration shell of the complex is smaller than that of the individual
components. This aspect will be discussed in Chapter 7.
6.4 Conclusions
Aggregation of catanionic hydrotropes (C ≤ 6) in aqueous solution has been studied by
surface tension experiments, dynamic light scattering, and cryo TEM. Aggregation occurs at
concentrations where the individual components show no sign of aggregation. Above the
cac different types of aggregates are formed depending on the chemical structure of both
components. n-Alkylammonium n-alkylsulfates precipitate above the cac, n-
alktrimethylammonium n-alkylsulfates form micelles and a 2-layer system is formed above
the cac of n-hexylammonium n-hexanoate. The effects are mainly attributed to a
combination of electrostatic and hydrophobic interactions.
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6.6 Experimental section
General remarks. C6TAB was purchased from Fluka, pentylamine came from Boom,
pentanol and hexanol were obtained from Acros.
N,N-dimethyl-n-pentylamine.34 n-C5H11N(CH3)2 was synthesized according to a literature
procedure.35 1H NMR (300 MHz, CDCl3) δ 0.81 (t, 3H, CH3), 1.22 (m, 4H, CH2), 1.37 (m, 2H,
CH2), 2.15 (m, 8H, N+(CH3)2 and N+CH2).
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n-Pentyltrimethylammonium bromide (C5TAB).36 A solution of 4.2 g (37 mmol) of N,N-
dimethyl-n-pentylamine in 15 mL of acetone was cooled to –15oC using an ice-salt bath and
stirred magnetically. Methyl bromide (gas) was carefully bubbled through the solution and
after 15 min. a white precipitate appeared. The reaction was complete as indicated by 1H
NMR spectroscopy and the CH3Br inlet was stopped. Pure C5TAB was obtained after
evaporation of the solvent. 1H NMR (300 MHz, CDCl3) δ 0.78 (t, 3H, CH3), 1.24 (m, 4H, CH2),
1.63 (m, 2H, CH2), 3.33 (s, 9H, N+(CH3)3), 3.52 (m, 2H, N+CH2).
Sodium n-alkylsulfates. n-C5H11OSO3Na and n-C6H13OSO3Na were synthesized from the
corresponding alcohols according to a literature procedure.37
n-Alkyltrimethylammonium hydroxides. n-CnTAOHs were prepared from the
corresponding bromides using a Dowex 1x8 200-400 mesh column and methanol as the
eluent. The ion-exchange process was performed under an Argon stream. The solvent was
removed by rotavap but the compounds were not dried completely in order to prevent
decomposition.
n-Alkylsulfate esters. n-CnH2n+1OSO3H were prepared from the corresponding sodium salt
by ion-exchange on an Amberlite IR 120 ion-exchange column in the H+ form. The eluent
was 70% of methanol. The compounds were used in situ. The presence of alkylsulfate esters
was demonstrated by TLC using an aqueous molybdene solution to visualize the spots.
n-Alkyltrimethylammonium n-alkylsulfates. Small aliquots of aqueous solutions of n-
alkyltrimethylammonium hydroxides (the compounds were dissolved in 10–20 mL of water)
were added to methanolic solutions of the n-alkylsulfate esters until pH = 7. The resulting
solutions were freeze-dried and characterized by NMR spectroscopy.
n-C5H11N(CH3)3+ n-C5H11OSO3-. Mp 161-163oC. 1H NMR (300 MHz, D2O) δ 0.79 (m, 6H,
CH3), 1.24 (m, 8H, CH2), 1.57 (m, 2H, CH2CH2N(CH3)3+), 1.67 (m, 2H, CH2CH2OSO3-), 3.00 (s,
9H, N+(CH3)3), 3.19 (m, 2H, N+CH2). 13C NMR (200 MHz, D2O) δ 11.42 (p), 11.66 (p), 19.90,
19.96, 20.34, 25.54, 25.98, 26.53 (s), 51.04, 51.12 (p), 65.15, 68.00 (s).
n-C6H13N(CH3)3+ n-C6H13OSO3-. Mp 153-156oC. 1H NMR (300 MHz, D2O) δ 0.75 (m, 6H,
CH3), 1.21 (m, 12H, CH2), 1.55 (m, 2H, CH2CH2N (CH3)3+), 1.65 (m, 2H, CH2CH2OSO3-), 2.97
(s, 9H, N+(CH3)3), 3.18 (m, 2H, N+CH2). 13C NMR (200 MHz, D2O) δ 11.83, 11.94 (p), 20.35,
20.58, 20.79, 23.33, 23.75, 27.16, 29.09, 29.39 (s), 51.25 (p), 65.18, 67.66 (s).
n-Hexylammonium n-hexanoate. Aqueous solutions of n-C6H13NH3+ n-C5H11CO2- were
prepared by mixing equimolar amounts of n-hexylamine and n-hexanoic acid in water.
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n-Alkylammonium n-alkylsulfates. n-Alkylamines were added in an equimolar amount to
methanolic solutions of n-alkylsulfate esters.
n-C5H11NH3+ n-C5H11OSO3-. Mp 49-52oC. 1H NMR (300 MHz, CDCl3) δ 0.88 (m, 6H, CH3),
1.33 (m, 8H, CH2), 1.65 (m, 4H, β-CH2), 2.94 (m, 2H, N+CH2) 4.00 (m, 2H, CH2OSO3-). 13C
NMR (200 MHz, CDCl3) δ 12.29, 12.42 (p) 20.61, 20.82, 25.55, 26.33, 26.94, 27.43, 38.80, 67.20
(s).
n-C6H13NH3+ n-C6H13OSO3-. Mp 49-53oC. 1H NMR (300 MHz, CDCl3) δ 0.85 (m, 6H, CH3),
1.34 (m, 12H, CH2), 1.69 (m, 4H, β-CH2), 2.97 (m, 2H, N+CH2), 4.00 (m, 2H, CH2 OSO3-). 13C
NMR (200 MHz, CDCl3) δ 12.42, 12.48 (p) 20.97, 21.04, 23.91, 24.67, 25.81, 27.72, 29.79, 29.99,
38.90, 67.19 (s).
Surface tension experiments. Drop tensiometry was performed as described in Section 2.10.
Dynamic light scattering. Size distributions were determined as described in Section 4.8.
Cryo TEM. Cryo TEM was performed according to the procedure described in Section 4.8.
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This chapter summarizes and reviews the results obtained in the previous chapters, which
describe aggregation processes in aqueous solutions, determined by an interplay of
electrostatic and hydrophobic interactions.
7.1 Introduction
This chapter evaluates the investigations described in the previous chapters, which present
studies of aggregation in aqueous solutions in which both hydrophobic and electrostatic
interactions are important. For this purpose the interactions of apolar compounds modified
with oppositely charged ionic moieties in aqueous solution have been studied.
Intermolecular interactions have been studied as a function of the chemical architecture of
both components involved in the aggregation process.
A combination of electrostatic and hydrophobic interactions favors many
(bio)chemical aggregation processes. Enzyme-substrate interactions strongly rely on a
combination of electrostatic and hydrophobic interactions.1 These interactions are also
important in other fields of host-guest chemistry like the binding of substrates to cationic
cyclophanes and cyclodextrines.2 Protein folding strongly relies on noncovalent interactions
like hydrophobic, electrostatic, and hydrogen bonding interactions, which can be efficiently
tuned by the α-amino acid sequence.3 Substantial stabilization of surfactant aggregates arises
from interplay of electrostatic and hydrophobic interactions. Aggregation in aqueous
mixtures of cationic and anionic surfactants occurs at concentrations, which are considerably
lower than aggregation concentrations of the individual surfactants.4 Other examples of
aggregation processes in aqueous solutions, in which both hydrophobic and electrostatic
interactions play a role, include hydrolysis of a hydrophobic ester and amide by low
concentrations of surfactants5 and interactions of surfactants and dyes.6
Aggregation of apolar cationic and anionic compounds have in common the fact that
aggregation takes place at concentrations far below the aggregation concentration of the
individual components. However, little is known about factors governing such processes in
aqueous solution. The present study was undertaken in order to gain insight into
aggregation processes in aqueous solution that are influenced by both hydrophobic and
electrostatic interactions. Such intermolecular interactions have been studied as a function of
the molecular architecture of both components.
Chapters 2 and 3 dealt with interactions between cationic amphiphiles and anionic
azo dyes in aqueous solution. In the work described in Chapter 4, the anionic component is
an amphiphile as well. In addition, the anionic component contains a chromophoric unit.
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Aggregation of n-alkyltrimethylammonium surfactants with a modified salicylate counter
ion in aqueous solution is presented in Chapter 5. Finally, Chapter 6 reports a study of the
aggregation of catanionic hydroptropes in aqueous solution.
The main observations include:
1. Aggregation in aqueous solution occurs at concentrations far below the
critical aggregation concentrations of individual compounds.
2. The morphology of mixed aggregates usually differs from that of
aggregates formed from the individual components.
3. A special type of dye aggregation is observed when the anionic component
is a dye molecule in combination with a cationic surfactant.
Polyfunctional molecules are hydrated in a heterogeneous way because hydration of
the individual polar and apolar moieties differs. Interference of the respective hydration
spheres leads to mutual obstruction.7 Studies on the effects of solutes containing
hydrophobic and hydrophilic groups on the kinetics of the hydrolysis of activated amides
and esters show that the hydration spheres of ionic groups are less compatible with the
hydrophobic hydration shells of neighboring methylene units than those of nonionic
groups.8 This feature results from the stronger interactions of ionic groups with water
molecules compared with nonionic groups. Consequently, the hydration sphere of ionic
groups is more difficult to disrupt than that of nonionic groups. Thus, hydrophobic
interactions between solute and probe molecules are hampered by the presence of polar
groups.
The solubility of hydrophobic molecules is increased by polar groups. Overlap of
hydrophilic and hydrophobic hydration spheres leads to a decreased “apparent”
hydrophobicity of apolar groups. As a consequence, apolar compounds functionalized with
polar moieties are more water-soluble than the corresponding solute lacking a polar
functionality.
Aggregation of surfactants is an important example of a process in which
hydrophobic interactions between the alkyl tails are hampered by the presence of polar
groups. In the case of single-tailed surfactants, strong head group repulsions lead to the
formation of spherical micelles and micellar growth is hampered.
Increased stabilization of hydrophobic aggregates can be achieved by turning the
repulsive electrostatic head group interactions into attractive interactions. This property is
demonstrated by studying interactions between apolar compounds containing oppositely
charged ionic substituents in aqueous solution. The results will be discussed with respect to
three different topics:
1. Aggregation of cationic surfactants and anionic azo dyes.
2. Aggregation of short-chained cationic and anionic compounds.
3. Aggregation of cationic surfactants with hydrophobic counter ions.
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7.1.1 Aggregation of cationic surfactants and azo dyes
Aggregation of cationic surfactants and azo dyes in aqueous solution has been studied as a
function of the molecular structure of both components. A chromophore in one of the
components enables aggregation to be followed by spectroscopic techniques without the use
of probe molecules. Depending on the molecular architecture of the interacting species
aggregation occurs at concentrations far below the aggregation concentrations of the
individual compounds. Figure 7.1 schematically depicts the relevant aggregation process.
Aggregation is reflected by the appearance of a new absorption band in the spectrum of the
dye. This band is ca. 80 nm blue shifted with respect to the position of the absorption band
of the dye in aqueous solution (route a) and is attributed to aggregation of dye molecules in
a parallel fashion. Thus, within mixed dye-surfactant aggregates formed at low
concentrations in aqueous solution, a special type of dye aggregation is observed. Direct
information on the type of aggregates formed at low concentrations (route a) could,
unfortunately, not be obtained, but, there are strong indications that the dye molecules are
arranged in a parallel fashion in these aggregates, the so-called H-type of aggregation.
Typical for this type of aggregation is a blue shift of the main absorption band of the dye
compared to that of the monomeric dye. Further research in necessary in order to determine
the exact morphology of mixed surfactant-dye aggregates. X-ray diffraction on lamellar
surfactant-dye dispersions or on crystals consisting of surfactants and dyes might give the
desired information.
Route b (Figure 7.1) is followed if the structural requirements for efficient
aggregation are not met and, consequently, a short wavelength absorption band in the
spectrum of the dyes is not observed. In such cases, a gradual shift of the absorption band
occurs from that of the dye in aqueous solution to that of the dye in micellar environment.
Interactions of surfactants and dyes depend on the alkyl tail length of the surfactants
and on the type and position of the substituents in the aromatic ring of the dye.
Interestingly, the type of surfactant head group is not important as long as it is cationic in
origin. Aggregation at low surfactant concentration is absent with anionic and nonionic
surfactants.
If a tight packing of surfactants and dyes is assumed in the mixed aggregates, it is
likely that surfactants and dyes have to meet certain structural requirements for efficient
formation of these types of H-aggregates. The separation of methyl orange dyes arranged in
a parallel way has been calculated to be 0.5-0.7 nm11a Indeed, interactions of surfactants with
unsaturation in the tail with azo dyes are less efficient than interactions of the corresponding
saturated surfactants with azo dyes. Depending on the conformation of the unsaturation and
its position in the alkyl tail, mixed dye-surfactant aggregates (in which the dyes are oriented
parallel with respect to each other) are indeed formed. However, the packing of surfactants
and dyes in mixed aggregates is less efficient than that in the case of saturated surfactants.
This feature of unsaturated surfactants is reflected by a blue shift of the absorption band of
the dyes in mixed dye-surfactant aggregates. This band is at longer wavelengths than in the
case of mixed dye–surfactant aggregates composed of surfactants with saturated alkyl tails
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and dyes. Most likely, hampering of the packing of dyes and surfactants in mixed dye-
surfactant aggregates is responsible for this effect. Route b is followed when steric
interactions are too large; in this case aggregation is impeded by the presence of a double




































































































X = ionic group
++++ = cationic surfactant
Figure 7.1 Schematic representations of different stages in the dye-surfactant aggregation process at a
fixed dye concentration. Increasing the surfactant concentration may induce dye-aggregation (route a).
Further addition of surfactant leads to solubilization of the dyes in surfactant micelles. Dye-surfactant
aggregation is absent in pathway b. The relevant absorption spectra are shown at each stage of the
aggregation process.
Dicationic surfactants like gemini and bolaform surfactants also interact with azo
dyes at low concentrations in aqueous solutions. Although the spacer connecting both head
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groups of gemini surfactants has a large influence on the aggregation of geminis, it has
hardly any effect on intermolecular dye-surfactant aggregation. Also the bolaform surfactant
and a dicationic surfactant lacking a second alkyl tail show aggregation with azo dyes in
aqueous solution similar to that for single-tailed cationic surfactants. Hence, surfactants with
saturated tails interact with azo dyes at low concentrations in aqueous solution as long as
the head group is cationic.
The orientation of the ionic substituent in the first aromatic ring of an azo dye plays
an important role in dye-surfactant aggregation. In addition, a dialkylamino substituent is
necessary for aggregation. According to the results reported in Chapter 2, efficient
aggregation only occurs when the dye contains a dialkylamino and an anionic substituent on
the second and first aromatic ring, respectively, which are para with respect to the azo link.
The anionic substituent is necessary for efficient attractive electrostatic interactions between
dyes and cationic surfactants. Apparently, the increase in hydrophobicity of the dye brought
about by the dialkylamino substituent is necessary for surfactant-dye aggregation.
Aggregation of surfactants and dyes containing one aromatic ring in aqueous solution at low
concentrations is also observed. Apparently, the hydrophobicity of 4-n-
butylphenylazosulfonate (C4PAS) is large enough to interact with cationic surfactants at low
concentrations in aqueous solution. Comparison of the aggregation of azo(benzene)
surfactants and conventional surfactants revealed that the azobenzene unit corresponds to
8.4 CH2 units whereas the azophenyl moiety corresponds to 6.5 CH2 units.9 This pattern
indeed indicates a larger “apparent hydrophobicity” of C4PAS compared to azobenzene
dyes.
Twisting the aromatic system out of planarity by substituents that are positioned
ortho with respect to the azo linkage may also contribute to the reluctance of dyes to
aggregate (route a, Fig. 7.1). Instead, route (b) is followed.
Various studies have shown that a wide range of azobenzene chromophores are able
to aggregate in a parallel way as reflected by changes in the absorption spectrum of the
chromophoric unit. Often, the chromophores are part of the same molecule and therefore
they are already in close proximity.10 The latter is expected to facilitate chromophore
interactions. Chromophore aggregation of negatively charged dye molecules can also be
induced by addition of oppositely charged compounds, in agreement with other studies.11
The parallel orientation of chromophores was confirmed by X-ray diffraction experiments.12
Moreover, methyl orange (MO) molecules in Langmuir-Blodgett films composed of cationic
surfactants and MO are oriented in a more or less parallel fashion and show a blue shift of
the π→π* absorption band as well.13 A strong indication for dye aggregation was obtained
by diluting an aqueous solution containing low concentrations of cationic surfactants and
dyes. Upon dilution at a constant ratio of surfactant to dye the short wavelength absorption




Clearly, efficient interaction of surfactants and dyes results from a combination of
electrostatic and hydrophobic interactions. Interestingly, intermolecular aggregation occurs
at concentrations where both components do not aggregate individually.
7.1.2 Aggregation of short chained cationic and anionic compounds
The compounds of choice contain a short alkyl tail connected to an ionic group. The
compounds do not aggregate by themselves at the studied concentrations (< ca. 0.5 M).
These short-chained compounds are hydroptropes, which aggregate in aqueous solution
albeit in a less cooperative manner than surfactants. Moreover, loose aggregates with small
aggregation numbers are formed.14 The hydrophobicity of methylene moieties attached to an
ionic group is reduced due to destructive overlap of hydrophilic and hydrophobic hydration
shells. For short-chain hydrophobic compounds (C ≤ 6) with an ionic group, this leaves only
3 or less methylene moieties that have intact hydrophobic hydration shells. Hence,
aggregation of the individual cationic or anionic components similar to that shown by
surfactants is not observed. The apolar part is too short and (attractive) hydrophobic
interactions cannot compensate the repulsive inter head group electrostatic interactions in
the aggregation process. However, interaction of cationic and anionic short-chained
hydrophobic compounds does occur at concentrations where the individual compounds
show no sign of aggregation. Upon aggregation, the ionic hydration shells of the anionic and
cationic groups destructively overlap with the release of a large number of the water
molecules into the bulk. Another important factor contributing to the stability of the mixed
cationic/anionic aggregates is that the smaller resulting polar hydration shell overlaps to a
lesser extent with the methylene groups in both alkyl chains. In addition, the smaller
(catanionic) hydration shell leads to a decrease of repulsions between hydration shells of
ionic groups. Thus, whereas aggregation of apolar compounds containing ionic groups is
hampered by electrostatic repulsions, aggregation of catanionics is favored by attractive
electrostatic interactions. The structure of the ionic group is important in determining the
type of aggregate formed. If the interactions between both head groups are too strong, phase
separation is observed whereas surfactant aggregates are formed (pseudo phase separation)
when the inter head group interactions are weaker.
Whereas individual components are hydrotropes and do not aggregate cooperatively
in aqueous solution, the catanionic hydrotrope combination acts like a surfactant in aqueous
solution displaying cooperative aggregation behavior. Moreover, micelles are formed at
concentrations where the individual hydrotropes do not aggregate.
7.1.3 Aggregation behavior of cationic surfactants with hydrophobic counter ions
Aggregation of ionic surfactants is strongly influenced by counter ions.15 Whereas n-
alkyltrimethylammonium surfactants with halide counter ions aggregate into spherical
micelles in aqueous solution, the aggregate morphology changes to wormlike micelles upon
addition of counter ions, usually aromatics, which are more strongly bound.16 Both
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electrostatic interactions between the oppositely charged ionic groups and hydrophobic
interactions between the alkyl tails of surfactants and apolar portions of counter ions are
responsible for the morphology change. This can also be explained using the packing
parameter approach.17 The packing parameter relates the shape of the surfactant monomer
to the shape of the aggregate formed by surfactants in aqueous solution. Adding oppositely
charged counter ions to single-tailed ionic surfactants leads, in addition to a decrease in the
effective head group area, to an increase of the volume of the surfactant alkyl tails.
Consequently, the curvature of the aggregate formed in aqueous solution decreases. Upon
changing the additive it should be possible to change the morphology of aggregates formed
from single-tailed ionic surfactants from spherical micelles to wormlike micelles and
eventually to vesicles. An increase in apolar character of the counter ion induces a further
change in morphology of aggregates formed from single-tailed cationic surfactants to
vesicles. This is somewhat surprising since the apolar part of the counter ion was only
extended with 2 additional methylene groups with respect to salicylate, which forms
wormlike micelles in combination with the same cationic surfactant.
Similarly, micelle-forming surfactants become vesicle-forming upon addition of dye
counter ions. This observation has also been explained using the packing parameter
approach.
Connecting an alkyl tail to the azobenzene unit of azo dyes leads to the formation of
micelles in aqueous solution. Vesicles are formed in combination with cationic surfactants if
the alkyl tails are longer than 6 carbons. The average vesicle size increases on decreasing the
mismatch between the lengths of the alkyl tails of cationic and anionic surfactant. The results
are in agreement with experimental and theoretical studies, which emphasize the
importance of nonideal mixing of both components over the inner and outer bilayer leaflets.
Micelles are formed in mixtures with short-chain surfactants (C ≤ 6). Again, a subtle change
in the structure of one of the components leads to significant morphology changes.
7.2 Hydrophobic and electrostatic interactions
In Chapter 1 different processes in aqueous solution were distinguished in which
hydrophobic interactions play a major role. At concentrations far below the aggregation
concentrations of the individual components, encounter complexes can be formed. Although
the particles are individually hydrated under these conditions, they sometimes meet each
other in aqueous solution. Short-lived clusters are then formed that have a longer lifetime
than those in organic solvents. This clustering results from the more favorable partial
desolvation that occurs upon cluster formation in aqueous solution than in an organic
environment. The formation of encounter complexes is initially driven by pairwise
hydrophobic interactions. Kinetic medium effects of inert solutes on hydrolysis reactions
have been explained by encounter complex formation.18
Bulk hydrophobic interactions are important in molecular assembly processes like
surfactant aggregation. In these processes aggregation occurs when the mixing entropy is
insufficient to overcome the unfavorable Gibbs energy of hydration of the apolar solute
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molecules. Host-guest complexation in water involves the binding of substrates to hosts like
enzymes or macrocycles like cyclodextrines or cyclophanes. Although the complexes usually
consist of a 1:1 ratio of substrate to host, many apolar residues are involved in the
complexation. Therefore, host-guest complexation is thought to involve both bulk and
pairwise hydrophobic interactions. In addition to hydrophobic interactions other
noncovalent interactions like electrostatic and hydrogen bonding interactions are important
in the aggregation processes. Often, an interplay of different interactions occurs.The stability
of the folded state of proteins strongly relies on a combination of noncovalent interactions.
Particularly the combination of different types of noncovalent interactions efficiently tunes
the folding of proteins in aqueous solution. The studies described in this thesis address
aggregation of cationic and anionic compounds in aqueous solution, which strongly rely on
a combination of bulk hydrophobic interactions and attractive electrostatic interactions. The
aggregation of amphiphilic molecules in aqueous solution can be viewed as pseudo-phase
separation, which occurs above the solubility limit of the apolar solutes and only takes place
when the mixing entropy of the solute is not sufficient anymore to compensate for the loss of
entropy of the water molecules entering the hydration shells of the apolar solute molecules.19
A final phase-separated state is not reached due to the favorable surfactant head group-
water interactions that prevent the formation of large aggregates, which would ultimately
lead to phase separation. However, phase separation is observed when interactions between
ionic groups are too strong. For example, precipitation occurs in aqueous mixtures of
oppositely charged dyes and surfactants and also in mixtures of cationic and anionic
hydrotropes. Thus, although electrostatic interactions strongly favor aggregation of
amphiphilic molecules, phase separation is also facilitated by combined electrostatic and
hydrophobic interactions.
Figure 7.2 schematically shows the destructive overlap of hydrophobic and
hydrophilic hydration shells. This overlap results, for example, in deviations in additivity of
the contributions of the first three methylene moieties in the alkyl tail of hydrophilic
functionalized apolar solutes to the interactions with other apolar solutes. However,
introducing oppositely charged ionic groups stabilizes hydrophobic aggregates. Electrostatic
interactions strongly favor aggregation and destructive overlap of the ionic hydration shells
leads to a release of hydration water from the hydrophilic hydration shell. The effect of
stabilization of amphiphilic aggregates by hydrophobic and electrostatic interactions is
schematically shown in Figure 7.2. The hydrophilic hydration shell of the catanionic
complex is expected to be smaller than that of the individual components although its exact
size in unknown as well as the extent to which it overlaps with the hydrophobic hydration
shell of the complex.
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Figure 7.2 Aggregation of amphiphilic molecules leads to hydration shell overlap, a schematic
representation.
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Hydrophobic interactions belong to the most important noncovalent interactions and play
an important role in many (bio)chemical processes. A number of processes in aqueous
solution like protein folding, surfactant aggregation or molecular recognition processes
strongly rely on the interactions between apolar moieties. Apart from hydrophobic
interactions other noncovalent interactions like hydrogen bonding or electrostatic
interactions are also important in these processes. Often, an interplay of different types of
interactions is involved.
Hydrophobic interactions have been widely studied. However, probe molecules
used to study hydrophobic interactions usually have multiple functionalities. This means
that while analyzing interactions between apolar groups, actually interactions between
apolar moieties attached to polar groups are being investigated. Consequently, hydrophobic
effects are modified by the hydration shell of neighboring ionic or polar groups. It was
indeed found that the hydration shell of hydrophobic groups is modified by the hydrophilic
hydration shells of neighboring polar groups. Generally, the hydration of the polar group
extends to the third carbon atom in an attached apolar alkyl tail of the solute molecule.
Alternatively, introduction of a hydrophilic group decreases the apparent hydrophobicity of
alkyl groups in its proximity and leads to an increase in solubility of the solute molecule.
Overlap of hydrophobic and hydrophilic hydration shells in schematically depicted in
Figure 1.
Aggregation of ionic surfactants is governed by
hydrophobic interactions but the aggregation process is
hampered by repulsive electrostatic interactions and by
repulsions between the hydration shells of the ionic head
groups. However, stabilization of the aggregates occurs
upon turning repulsive electrostatic interactions into
attractive electrostatic interactions. An example is
aggregation of mixtures of cationic and anionic
surfactants. Whereas the surfactants individually form
micelles in aqueous solution, vesicles are formed in
aqueous mixtures of the two. Moreover, aggregation
occurs at concentrations far below the critical
aggregation concentration of the individual components.
The binding of dye molecules to oppositely-charged
surfactants or polysoaps is also strongly favored by an
interplay of attractive electrostatic and hydrophobic interactions. Whereas introduction of
ionic groups decreases the hydrophobicity of apolar groups in close proximity, aggregation
of apolar molecules containing oppositely-charged ionic groups is greatly facilitated by
favorable electrostatic interactions. Therefore the present study was initiated in order to
Figure 1. Schematic representation
of hydrophobic and hydrophilic




investigate aggregation processes in aqueous solution, in which both favorable electrostatic
and hydrophobic interactions play a role.
Interactions of cationic surfactants and azo dyes in aqueous solution are described in
Chapters 2 and 3. The presence of a chromophore in the dye molecule enables aggregation
to be followed by UV-vis spectroscopy without the need of probe molecules. When studying
interaction processes at low concentrations, use of foreign probe molecules is undesirable
since they might influence the aggregation process. Aggregation of dyes and surfactants
occurs at concentrations far below the critical aggregation concentrations of the individual
components and is greatly favored by combined electrostatic and hydrophobic interactions.
However, the interacting molecules have to meet certain structural requirements for efficient
aggregation to occur. The surfactant head group has to be oppositely-charged with respect
to the ionic group in the dye and the surfactant alkyl tail should be longer than a certain
critical length. In addition, the shape of dye molecules should be more or less linear with
substituents on both sides of the azobenzene unit. Surfactant-dye aggregation is
accompanied by dye-dye interaction in a parallel fashion. This interaction produces an
aggregation band in the absorption spectrum of the dye typical for dye aggregates in a
parallel orientation. Although strong indications for dye-dye interaction in a parallel way in
mixed dye-surfactant aggregates is obtained, direct information on the orientation of
surfactants and dye in mixed aggregates could not be readily obtained.
Aggregation of surfactant-dye salts is discussed in Chapter 3. The surfactants contain
a hydrophobic dye counter ion, which has a large effect on aggregation when compared to
the surfactants with halides as the counter ions. The most important observation is the
formation of vesicles by surfactant-dye salts in aqueous solution whereas the surfactants
with halides as the counter ions form micelles in aqueous solution. This difference can be
understood in terms of a change in shape of the novel surfactant-dye salt from a cone to a
cylinder. Surfactants with a conical shape usually form micelles in aqueous solution whereas
cylindrically shaped surfactants are prone to aggregate into bilayer structures. The volume
of the apolar part of the surfactant-dye salt has increased due to the additional apolar moiety
of the dye and the effective head group area has decreased due to favorable electrostatic
interactions. Critical aggregation concentrations are considerably lower than those of the
corresponding halide surfactants. The effects have been attributed to electrostatically
favored hydrophobic interactions.
Interactions of cationic surfactants and an anionic azobenzene-functionalized
surfactant in aqueous solution are assessed in Chapter 4. Again, intermolecular interactions
were studied using absorption spectroscopy because of the presence of a chromophore in
the anionic component. Aggregation between cationic surfactants and the anionic
chromophore-labeled surfactant occurs at concentrations far below the critical aggregation
concentration of either individual surfactant. Again, interactions are indicated by the
appearance of an absorption band in the absorption spectrum of the dye characteristic for
dye aggregates in a parallel fashion. Aggregation of dye molecules is also induced by added
inorganic salts. Increased aggregation of the azobenzene-functionalized surfactant with
Summary
143
respect to the corresponding azo dyes lacking the apolar tail is attributed to increased
hydrophobic interactions in the aggregation of the azobenzene-labeled surfactant in
comparison with azo dyes. Moreover, vesicles are formed in aqueous mixtures of cationic
surfactants and the chromophore-containing surfactant whereas the individual surfactants
form micelles in aqueous solution. Interestingly, vesicle formation depends on the
(mis)match between the apolar parts of the cationic and anionic azobenzene-labeled
surfactant: vesicle sizes increase upon decreasing chain mismatch. This finding agrees with
experimental and theoretical studies on mixtures of cationic and anionic surfactants in
aqueous solution. Micelles are formed in aqueous mixtures of single-tailed cationic
surfactants and the anionic azobenzene-functionalized surfactant when the length of the
alkyl tail of the cationic surfactant is 6 or less whereas vesicles are formed when the length of
the alkyl tail of the cationic surfactant is 8 or more. Interactions between cationic surfactants
and the chromophore-labeled anionic surfactant are governed by interplay of electrostatic
and hydrophobic interactions.
Chapter 5 describes a study of the aggregation behavior of cationic surfactants with
hydrophobic counter ions in aqueous solution. The counter ion is a hydrophobically-
modified salicylate anion, which is one of the most effective types of counter ion that can
induce micellar growth, i.e. induce a morphology change of surfactant aggregates from
spherical micelles to wormlike micelles in aqueous solution. When wormlike micelles grow,
they start to touch when a certain length is reached. This results in the formation of so-called
viscoelastic solutions, which can be observed by swirling such a solution in a flask and when
the movement is suddenly stopped entrapped air-bubbles can be seen to rotate back. The
hydrophobically-modified salicylate surfactant induced the formation of vesicles in aqueous
solutions of cationic surfactants that form spherical micelles in combination with halide
counter ions. Interestingly, wormlike micelles are formed in combination with salicylate
counter ions. Moreover, the surfactant aggregates underwent a vesicle-to-micelle-transition
upon increasing the temperature. This effect was interpreted in terms of decreased counter
ion binding upon increasing the temperature in analogy with an analogous surfactant
system. The results obtained in the study of the aggregation behavior of cationic surfactants
in combination with a modified salicylate counter ion show that subtle changes in the
structure of the counter ion can lead to remarkable morphology changes of the aggregate.
The aggregation of relatively short-chained amphiphilic compounds in aqueous
solution is described in Chapter 6. The compounds are hydrotropes rather than surfactants
and do not aggregate individually at the concentration investigated. However, aggregation
does occur in mixtures of oppositely-charged compounds with short alkyl tails (C ≤ 6) as a
result of electrostatically-favored hydrophobic interactions. Aggregation was studied as a
function of the chemical architecture of both components. Aggregation occurs, independent
of the type of ionic group whereas the phase formed above the critical aggregation
concentration is strongly dependent on the type of ionic group. Phase separation is favored
when interactions between cationic and anionic components are too strong, otherwise
surfactant aggregates are formed.
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Generally, aggregation of oppositely-charged hydrophobic compounds in aqueous
solution is strongly facilitated by the interplay of electrostatic and hydrophobic interactions.
Aggregation concentrations in these mixtures are lower than those of the individual
components and the types of aggregates formed in aqueous mixtures of cationic and anionic




Aggregatieprocessen van apolaire (vetachtige) moleculen in waterige oplossingen worden
voornamelijk bepaald door hydrofobe interacties. Deze interacties zijn het gevolg van het
feit dat watermoleculen liever interactie met elkaar aangaan dan met deze vetachtige
moleculen. Het resultaat is de vorming van een cluster van apolaire moleculen. Voorbeelden
van processen waarin hydrofobe interacties een belangrijke rol spelen zijn de vorming van
biologische celmembranen en het vouwen van eiwitketens.
In studies van hydrofobe interacties gebruikt men, uit praktisch oogpunt, vaak
moleculen die zowel uit een apolair als een polair deel bestaan. De polaire groep die zowel
geladen (ionisch) als ongeladen (maar wel polair) kan zijn, zorgt ervoor dat het molecuul
wateroplosbaar is. Bovendien hebben de meeste (bio)chemische moleculen meerdere
functionaliteiten en bij studies naar aggregatieprocessen heeft men dus altijd te maken met
verschillende types interacties. Deze effecten zijn moeilijk te splitsen. Polaire en apolaire
groepen zijn op verschillende manieren gehydrateerd, d.w.z. de watermantels
(hydratatieschillen) verschillen van elkaar. Bovendien overlappen beide soorten
watermantels. Over het algemeen overlapt de waterschil van de polaire groep met die van
de eerste drie methyleeneenheden in het apolaire deel van het molecuul. Dit is weergegeven
in Figuur 1. Het resultaat van overlap van beide soorten hydratatieschillen is dat het deeltje
minder apolair lijkt. Men kan zich ook voorstellen dat
aggregatie van amfifiele moleculen (die bestaan uit een
polaire en een apolaire groep) gehinderd wordt door de
aanwezigheid van polaire (veelal geladen) groepen.
Immers, de apolaire groepen hebben graag interactie met
elkaar maar de gelijkgeladen ionische groepen stoten
elkaar af. Dit laatste wordt ook wel elektrostatische
repulsie genoemd.
Stabilisatie van aggregaten bestaande uit polair
gefunctionaliseerde apolaire moleculen (amfifielen) kan
vergroot worden door de afstotende interacties tussen
gelijkgeladen ionische groepen om te zetten in
aantrekkende interacties. Hiertoe moet men dus
tegengesteld geladen moleculen met elkaar mengen. Er
zijn in de literatuur verschillende studies naar processen
bekend waarin aggregaten bestaande uit tegengesteld
geladen apolaire moleculen gestabiliseerd worden door een combinatie van hydrofobe en
attractieve elektrostatische interacties. Echter, er zijn weinig gedetailleerde en systematische
studies uitgevoerd. Het werk beschreven in dit proefschrift richt zich daarom op het
bestuderen van aggregatieprocessen in waterige oplossingen waarbij zowel attractieve
hydrofobe als elektrostatische interacties een rol spelen.
Figuur 1. Overlap van
hydatatie-schillen in een
molecuul dat uit een polair en
een apolair deel bestaat.
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We hebben verschillende aggregatieprocessen in waterige oplossingen bestudeerd
die in het vervolg van deze samenvatting kort zullen worden toegelicht. Aggregatie is steeds
bestudeerd aan de hand van structuurvariaties van de componenten die interactie met
elkaar vertonen.
Een van de bestudeerde systemen is de aggregatie tussen kleurstofmoleculen en
amfifiele moleculen in waterige oplossingen. Het voordeel van het gebruik van een
kleurstofmolecuul is dat de kleur van de oplossing aangeeft of er al dan niet aggregatie
optreedt. Aggregatie wordt daarom gevolgd met absorptiespectroscopie. Door gebruik te
maken van kleurstoffen hoeven er geen extra moleculen aan de oplossing te worden
toegevoegd om het aggregatieproces te volgen. Bovendien zouden die het aggregatieproces
kunnen beïnvloeden aangezien er met lage concentraties wordt gewerkt. Figuur 2 toont de




Figuur 2. Links: structuur van de kationische amfifiele moleculen. De waarde van n varieert
van 6 tot 18. Rechts: chemische structuur van (anionisch) methyloranje.
We hebben ontdekt dat aggregatie tussen amfifiele moleculen en kleurstoffen bij zeer
lage concentraties plaatsvindt: terwijl de amfifielen zelf aggregeren bij concentraties op
millimolair schaal, vindt aggregatie tussen kleurstoffen en amfifielen plaats op micromolair
schaal, een factor 1000 lager! Deze enorme effecten hebben we toegeschreven aan een
combinatie van hydrofobe en attractieve elektrostatische interacties. Natuurlijk zijn er wel
bepaalde vereisten aan de chemische structuur van beide types verbindingen. Zo moet de
ionische kopgroep van het amfifiel tegengesteld geladen zijn aan de ionische groep van het
kleurstofmolecuul. Bovendien moet de apolaire staart van het amfifiel een bepaalde kritische
lengte hebben en het kleurstofmolecuul moet een dialkylamino substituent (bijvoorbeeld de
(CH3)2N groep in Figuur 2) bezitten. Verschillende structuurvariaties in de positief geladen
kopgroep van het amfifiel bleken nauwelijks effect op het aggregatieproces te hebben.
In de kleurstof-amfifiel aggregaten zijn de kleurstoffen op een bepaalde manier
gerangschikt: ze liggen min of meer evenwijdig aan elkaar en deze oriëntatie resulteert in
een zeer karakteristieke absorptieband in het spectrum van de kleurstof. Dit is weergegeven
in Figuur 3. Hoewel we sterke aanwijzingen hebben voor kleurstof-kleurstof aggregatie,
hebben we dit helaas nog niet direct kunnen aantonen.
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Figuur 3. Schematische voorstelling van kleurstof-kleurstof aggregatie in gemengde kleurstof-amfifiel
aggregaten. De kleurstoffen worden voorgesteld door de negatief geladen staafjes, de amfifielen door
de positief geladen moleculen.
Bij hogere concentraties (op millimolair schaal) blijken de amfifiel-kleurstof
aggregaten vesicles in waterige oplossingen te vormen terwijl micellen gevormd worden
door de individuele amfifielen in water. De apolaire staarten van amfifielen zijn naar binnen
gericht in micellen en de kopgroepen zitten aan de buitenkant en zijn in contact met water.
Vesicles zijn blaasjes waarvan de wanden uit twee lagen amfifielen bestaan die kop-staart
staart-kop gerangschikt zijn. Op deze manier zijn de apolaire delen van de moleculen met
elkaar in contact en worden ze van de waterige oplossing afgeschermd door de polaire
kopgroepen. Gewoonlijk worden vesicles gevormd door amfifiele moleculen die twee
apolaire staarten hebben die vastzitten aan één kopgroep maar blijkbaar gedraagt het
kleurstofmolecuul zich in ons geval als die tweede apolaire staart. Ook in de wanden van
vesicles zijn de kleurstofmoleculen weer parallel ten opzichte van elkaar georiënteerd.
Figuur 4 toont de structuur van een micel (links) en van een vesicle (rechts).
Figuur 4. Links: amfifielen met één ionische kopgroep en één staart aggregeren gewoonlijk tot een
micel, terwijl amfifielen met één ionische kopgroep en twee apolaire staarten doorgaans aggregeren
tot vesicles in waterige oplossing (rechts).
Hoezeer het aggregatiegedrag van kationische amfifielen in water bepaald wordt het
tegengesteld geladen tegenion hebben we nader bestudeerd in hoofdstuk 5. Hier is het
tegenion kleiner dan de eerder genoemde kleurstoffen maar niettemin is het in staat de
vorming van vesicles te induceren in waterige oplossingen van amfifielen met een enkele
apolaire staart. Dit is bijzonder aangezien gelijksoortige tegenionen micellen vormen in
+ - - + +-
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waterige mengsels in combinatie met hetzelfde kationische amfifiele molecuul. Het is
duidelijk dat subtiele structuurveranderingen van een van beide componenten kan leiden
tot aanzienlijke veranderingen in de structuur van het aggregaat dat wordt gevormd in
waterige oplossing.
Een andere interessante vinding is dat de vesicles veranderen in micellen als de
temperatuur verhoogd wordt. Analoog aan soortgelijke studies hebben we dit verklaard
door een afname van het aantal aan het aggregaat gebonden tegenionen als de temperatuur
stijgt. Deze niet-gebonden tegenionen kunnen zich nu (min of meer) vrij bewegen in de
waterige oplossing. Als gevolg van de afname in tegenionbinding neemt de netto positieve
lading op het aggregaat (de vesicle) toe en dus de repulsie tussen de ionische groepen. Als
gevolg hiervan neemt de kromming in de bilaag toe en uiteindelijk leidt dit tot een
verandering in structuur van het gevormde aggregaat in water van vesicles naar micellen.
De voorgaande studies waren gericht op het bestuderen van interacties tussen
kationische amfifielen en tegengesteld geladen tegenionen. De kationische amfifielen
aggregeren afzonderlijk in waterige oplossing tot micellen terwijl de tegenionen individueel
nauwelijks aggregatie vertonen bij de bestudeerde concentraties. In een volgende studie
hebben we gekozen voor een kleurstofmolecuul, gemodificeerd met een lange(re) apolaire
staart, dat individueel ook aggregatie vertoont: in water aggregeert de verbinding tot
micellen. Aggregatie tussen de anionische kleurstof, gemodificeerd met een apolaire staart,
en tegengesteld geladen amfifielen vindt plaats bij lagere concentraties dan aggregatie van
de individuele componenten. Bovendien aggregeren apolair gemodificeerde anionische
kleurstoffen en kationische amfifielen bij lagere concentraties dan de overeenkomstige
ongemodificeerde kleurstoffen en amfifielen. Dit is het gevolg van een toename van
hydrofobe interacties in het aggregatieproces van gemodificeerde anionische kleurstoffen en
kationische amfifielen vergeleken met ongemodificeerde kleurstoffen en amfifielen door de
langere apolaire staart van de gemodificeerde kleurstof. Bovendien vindt er ook aggregatie
plaats wanneer anorganische zouten worden gebruikt in plaats van amfifielen. Aggregatie
wordt weer gekenmerkt door het verschijnen van de zeer karakteristieke absorptieband in
het absorptiespectrum van de kleurstof. In de gemengde kleurstof-amfifiel aggregaten zijn
de kleurstofmoleculen weer parallel ten opzichte van elkaar georiënteerd zoals weergegeven
in Figuur 3.
In waterige mengsels van anionisch gemodificeerde kleurstoffen en kationische
amfifielen worden vesicles gevormd terwijl micellen worden gevormd door de afzonderlijke
componenten in water. Ook hier gedraagt de kleurstof zich weer als de “tweede” apolaire
staart.
Het onderzoek beschreven in het laatste hoofdstuk richt zich op het bestuderen van
aggregatie tussen tegengesteld geladen moleculen met korte apolaire staarten. De
individuele componenten vormen nu geen micellen maar veel kleinere aggregaten in water.
Echter, bij de bestudeerde concentraties treedt geen aggregatie op tussen de individuele
kortstaartige amfifiele moleculen. Ook in dit geval blijkt interactie tussen beide
componenten op te treden bij concentraties ver beneden de kritische aggregatieconcentraties
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van de individuele componenten. De combinatie van elektrostatische en hydrofobe
interacties is verantwoordelijk voor de waargenomen effecten.
We kunnen dus concluderen dat de stabilisatie van hydrofobe aggregaten verhoogd
wordt door attractieve elektrostatische interacties. We hebben dit aangetoond door een
breed scala aan verbindingen te bestuderen. Uit deze studies kwam naar voren dat de
combinatie van attractieve hydrofobe en elektrostatische interacties leidt tot aanzienlijke
stabilisatie van het aggregaat. Dit effect kan van veel belang zijn bij een sturing van
noncovalente interacties tussen moleculen in water. De eerder beschreven overlap van
hydratatieschillen van polaire en apolaire groepen blijkt dus geen belemmering te zijn voor
aggregatie zolang de ionische groepen tegengesteld geladen zijn.
